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ABSTRACT
The aim of this PhD project is to develop a novel plate making technique that involves
non-curing plate making processes and the use of innovative materials for
manufacturing low cost and high specific energy density lead acid batteries. A range
of newly developed materials including lightweight lead-coated glass fiber grid and
nanocrystalline lead oxide was used. The characteristics of these materials for battery
applications were investigated. Plates made with the new methods can be assembled
directly into a battery case after pasting, and then a case formation can be performed
directly, with no need for the conventional curing process. The performance of the
resultant batteries was systematically investigated.
Chapter 1 contains a detailed literature review on the project background. The current
status of lead acid battery research and manufacturing processes has been outlined.
The drawbacks of current lead-acid battery manufacturing processes and battery
products are identified.
The possibility of using lightweight lead-coated glass fiber mesh as a new grid
material for lead-acid battery applications was investigated. The weight of a leadcoated glass fiber grid is only 70 % of the weight of the conventional cast grid. The
specific energy density o f the resultant batteries benefited directly from the application
of this lightweight grid material. The efficiency of the active material utilization of
the positive plates was also improved when the new material was employed for the
fabrication of the grid.
The absence of curing was another novel aspect of the proposed plate making process.
This was achieved by using hydrogen peroxide to replace the sulphuric acid during the

IX

paste preparation. Hydrogen peroxide acts as an oxidant to convert the free lead in the
lead dust to lead oxides during the paste preparation. Plate made with the non-cured
H202-based paste plate can be formatted in the same way as the conventionally cured
H2S04-based plates, although the capacity was slightly lower. In order to improve the
performance of the non-cured plate, red lead was employed as an additive. The results
indicated that improved formation efficiency and an enhanced cycle life were achieved
by using such this additive.
The use of pure lead oxide as a starting material for the fabrication of non-cured
positive plates was subsequently investigated. The results showed that an increase in
the acid-to-oxide ratio during the paste preparation resulted in an increase in the active
material utilization of the positive plate. Carbon fiber was also used as an additive to
the positive paste to improve the performance of plates prepared from pure lead oxide.
The active material utilization increased when carbon fibers were added to the plate at
different discharge rates.
The suitability of nanocrystalline lead oxide as the electrode active material for the
positive plate was investigated.

The active material utilization and the cycle

performance of the cells made of nanocrystalline lead oxides were improved in
comparison to cells made of conventional ball-milled leady oxide.
The overall performance of the new lead acid batteries resulting from the non-curing
plate making process was characterised using a spiral wound cell assembled with the
non-cured plates.

A significant improvement in both cycle performance and the

specific energy density was observed due to the unique structure of the spirally wound
batteries.

x
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CHAPTER 1 GENERAL INTRODUCTION

1.1 INTRODUCTION
The first lead acid battery was developed by Plante in I8601. To date, lead acid
batteries have been applied in many different fields including energy storage, power
sources, power backup systems, emergency power, power tools, electric vehicles,
automobiles, ships, aircraft, telecommunications etc. Lead acid batteries have taken
and maintained their leading position in the market place from the time of their
invention . The success of lead-acid batteries lies in several advantages over other
types of batteries.

These include availability of raw materials, low cost of

production, satisfactory power density, reliability and safety in use, and a wellestablished infrastructure for manufacturing and recycling3,4.

Despite the great success of lead acid batteries for the past 140 years, their leading
market position has recently been challenged in newly developed battery application
fields. Lead acid batteries produced with conventional technology may be adequate
to maintain their market share in traditional application areas such as vehicle,
lighting, and engine starting batteries, but facing a great challenge in newly
developed application areas such as batteries for powering electrical tools, bicycles,
scooters/motorbikes and vehicles. The major technique challenge for application of
the lead acid batteries to these new areas is insufficient energy density.

A great deal of progress has been made in recent times in improving the specific
c

¿1 n o

energy density of lead-acid batteries ’ ’ ’ . One successful example of the new
generation of lead acid batteries is the spiral wound type of battery9, 10.

1
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employing newly developed flexible lightweight plates and other technologies, the
energy density of spiral wound type batteries has been increased in comparison with
conventional lead acid batteries. Since flexible plates and a winding method are used
to construct this new type of batteries, the manufacturing processes for producing it
differs remarkably from the traditional ones. It is well known that the traditional
plates used for the construction of lead acid batteries are rigid and inflexible hence
the manufacturing processes and the materials used for traditional plates production
are unsuitable for flexible plate production.

This means that a great deal of

fundamental research is required to develop suitable manufacturing processes and
materials.

In this work, we aim to develop a new plate making processing technique with a
view to improving battery performance and cutting manufacturing cost.

This chapter reviews the present status of lead acid battery technology, with a
specific emphasis on the battery manufacturing processes.

1.2 HISTORY

OF

LEAD

ACID

BATTERY

TECHNOLOGY

DEVELOPMENT
Since Gaston Plante made the first lead acid battery 140 years ago11, several
generations of lead acid batteries have been developed.

Early lead acid battery development during the eighties of the 19 century to the
early 20th century was mainly focused on the improvement of the technological
processes for plate making. In 1881, Faure proposed a new way of making plates -

2
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the pasted plate or grid type plate12. This type of plate has been widely used ever
since for lead acid battery construction.

Even today, the majority of battery

manufacturers are still using plates of this type. By 1910, after a half-century of
development, the technological processes involved in of plate making had been
gradually defined and finalized.

During this period, the improvement of gird

materials and the exploration of theoretical aspects were also carried out. Sellon
proposed to use Pb-Sn alloy for grid making in 188113. The use of this type of alloy
as a grid making material has dominated lead acid battery production for over 100
years. In regard to the theoretical aspects, Gladstone and Tribe suggested in 1882
that PbSCU could be formed at both the positive and the negative electrodes during
the discharge process14. Based on this, they proposed the charge-discharge reactions
at both electrodes.
PbSÛ4 + 2H2O

Positive Electrode:

PbC^ + 4H+ + 2e'

Negative Electrode:

Pb + SO42" - 2e'

Overall Reaction:

PbÛ2 + Pb + 2H2SO4

PbSC>4
2PbSÛ4 + 2H2O

This theory was proved to be correct by thermodynamic means thirty years later by
Hamer in 193515.

The lead acid battery had reached its maturity during the 1960s. By the middle of the
1960s, the theoretical aspects of lead acid batteries had been well studied. Aaccurate
thermodynamic data on Pb and PbÛ2 electrodes in H2SO4 solution had been
obtained16*.

The electrochemical and corrosion theories were established and

extensively employed to study the electrochemical and corrosion properties of
various alloys 18. Breakthroughs in the study of the surface morphology and the
crystalline structure of the electrodes were achieved by employing new technologies

3
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such as SEM, TEM and XRD. Two different crystalline structures of PbCh, a- Pb(>2
and

Pb02, were identified17. Since the 1950s, the focus of theoretical studies had

gradually shifted away from the thermodynamic studies to kinetic studies18.
Technological progress during this period had greatly benefited from these
theoretical achievements. During the same period, the technological developments
were marked by the utilization of a variety of new materials, machinery and
production technologies. Leady powder was used to replace red and yellow lead
oxide dust for the active material from 1924 when the

Shimadzu ball mill was

invented. A range of additives such as BaSCU, lignin sulfonate and carbon were
added to the paste to overcome the problems associated with plate cracking and
shrinking, and to improve the lifetime and efficiency of the utilisation of the active
material19. The wooden separator was replaced by a porous rubber separator in the
1920s, and this was late replaced by a polymer/paper separator and semi-permeable
membranes in the 1940s and 1960s. Plastics were used to replace hard rubber for the
construction of the battery container, cover and lids.

From the 1970s, lead acid battery technology developments were concentrated on
designing new type of batteries, utilising new alloy/electrolyte systems and adopting
new technological processes. Maintenance-free and sealed cell lead acid batteries
were developed and widely used to replace the open cell batteries. In designing these
types of batteries, low Sb and Pb-Ca alloy systems were employed for grid making.
The gel and absorption types of electrolytes, and vent valves were used to tackle the
problems associated with electrolyte leaking and overpressure. As a result of the
new designs and technologies, the overall performance of lead acid batteries has been
markedly improved20, 21.

4
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1.3

CLASSIFICATION OF LEAD ACID BATTERIES

Lead-acid batteries can be classified according to applications.

Automotive batteries: These batteries supply power for engine starting, lighting
and ignition (SLI) of vehicles propelled by internal combustion engines, such as
automobiles, buses, lorries and other heavy road vehicles, as well as motor cycles.
For this kind of battery, both positive and negative plates are normally made by
pasting the active materials on cast grids, but other techniques for producing grids,
including expanded metal and lead wire-plastic combinations, have recently
introduced.

Motive powering batteries: This type of batteries serves as a power source for the
propulsion of electric lift trucks, mining equipment, electric vehicles, and other types
of materials handing equipment.

The motive power designs incorporate pasted

negative plates with tubular or pasted positives. In most countries of the world the
tubular positive is dominant.

Stationary batteries: Stationary batteries supply a long-dated service for standby
power in power stations. Stationary batteries are able to supply fairly heavy loads for
a short period in the event of a power failure. These batteries also supply emergency
lighting in public buildings. Standard practices for stationary battery construction
vary considerable by country and application. Positive plates may be tubular or
pasted on grids of pure lead, antimony-free lead alloys, or antimony lead alloys.
Typically, the negative plate is pasted.

Special purpose batteries: There are many lead acid batteries that are designed for
a specific application, for example, aircraft, submarine, marine, special military, and

5
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small sealed batteries for consumer applications.

Special-purpose batteries are

available in all the above types of construction.

1.4

1.4.1

FUNDAMENTALS OF LEAD ACID BATTERIES

Active Materials of Electrodes

The lead-acid battery uses lead dioxide as the active material of the positive electrode
and metallic lead, in a high-surface-area porous structure, as the negative active
material. The physical and chemical properties of these materials are listed in Table
1.1 . A positive electrode contains various proportions of a-Pb02 (orthorhombic)
and p-Pb02 (tetragonal)23, 24. The ratio between the a- and P forms of Pb02 in the
positive plate is dependent on paste formula and the process employed. The factors
affecting the ratio include the density of the paste (i.e. fUSCU/PbO ratio), the specific
gravity of the forming acid, the mixing rate, and the temperature of the formation ’
’ ’ . Although these two polymorphs differ in structure only in the arrangement
of the oxygen octahedral, their physical, chemical and electrochemical properties
differ markedly from one to the other. Compared with P-PbC>2, oc- Pb02 has a more
compact morphology, greater mechanical strength, a larger pore/crystallite size and
higher conductivity, but a lower surface area and slightly less discharge capacity29.
Neither of the two forms is fully stoichiometric.

Their composition can be

represented by PbOx, with x varying between 1.85 and 2.05.

6
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Table 1.1 Physical and Chemical Properties o f Lead-acid Oxides (Pb02) 22
Property
Molecular weight,
g/mol

Lead
207.2

Composition

a-Pb02
239.19

(3- P b02
239.19

PbO:

PbO:

1 . 9 4 - 2.0 3

1 . 8 7 - 2 .0 3

Crystalline form

Face-centered cubic

Orthorhombic

Tetragonal

Lattice parameters, nm

a = 0.4949

a = 0.4977
b = 0.5948
c = 0.5444

a = 0.491-0.497
c = 0.3367- 0. 340

X-ray density, g/cm

11.34

9.80

-9.80

Practical density at
20°C, g/cm3

11.34

9.1-9.4

9.1-9.4

Heat capacity,
cal/deg-mol

6.80

14.87

14.87

Specific heat, cal/g

0.0306

0.062

0.062

Electrical resistivity, at
20 °C, pO/cm

20

-100* 103

Electrochemical
potential in 4.4M
H2S 0 4 at 31.8°C, V

0.356

-1.709

Melting point, °C

327.4

7
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1.4.2

Electrolyte

Dilute sulfuric acid (H2SO4) is used as the electrolyte in lead acid batteries. Since
H2SO4 takes

a part in the electrochemical reactions, it is therefore technically also an

active material. The concentration of H2SO4 is generally expressed in terms of the
specific gravity (SG) for battery applications.

SG is defined as the ratio of the

density in g/cm3 or kg/1 at any given temperature to that of water at the same
temperature.

1.4.3

Electrochemical Systems

The lead-acid battery has the unusual feature that both the positive and negative
electrodes involve the same elements. The charge-discharge reactions are based on
the conversion of lead (Pb) and lead dioxide (PbCh) into lead sulfate (PbS04)
according to:
Positive electrode:
P b02 + H2SO4 + 2 Y t + 2e_:^ P b S 04 + 2 H20

(1.1)

Negative electrode:
Pb + H2SO4 ^

PbS04 + 2E r + 2e_

(1.2)

Cell reaction:
Pb + P b 0 2 + 2H2S 0 4 ^ 2 PbS04 + 2H20

(1.3)

As shown above, the basic electrode processes in the positive and negative electrodes
involve a dissolution-precipitation mechanism and not some sort of solid-state ion
transport or film formation mechanism. This charge/discharge mechanism is known
as the double-sulfate reaction30, which is shown graphically in Figure l . l 31.

8
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Under equilibrium conditions, the cell voltage, E?cen - 2.0V, is given by the two
half-cell reactions (E PbS0j 0^ = +1.7L and E PblPbs0j 0^ ——0.30F).
It should be noted that some secondary reactions can occur during the
charge/discharge of the electrode as indicated below.
Oxygen evolution at the positive electrode:
2H20 ^

0 2 + 4H+ + 4e, E° = +1.23K

(1.4)

Hydrogen evolution at the negative electrode:
4H+ + 4e ^

2H2, E° = 0V

(1.5)

Overall reaction:
2H20

^

2H2 + 0 2, E° = +1.23F

(1.6)

The standard voltage of this reaction is +1.23 V and is much smaller than the
nominal voltage of the lead-acid battery. Furthermore, when the electrode potential
is below +1.23V, the reversal of Eq. 1.4 may occur according to:
0 2 + 4H+ + 4e ^

2H20

(1.7)

This means that reduction of oxygen can be undesirable at the negative electrode.

The following undesirable side reactions can occur in a lead-acid battery:
1. oxygen evolution at the positive electrode;
2. oxygen reduction at the negative electrode;
3. hydrogen evolution at the negative electrode and
4. grid corrosion.

9
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Negative plate

Origina! material used

Pb

Electrolyte

i 2 H 2S 0 4 and 2 H 2 0

-------- 1Ionization process

Positive plate

J

1 J
—

I S 0 2 -,S 0 |- 4H+

1
1
1 -----r r r -

i

j~
Current-producing
process

2e + Pb

Pb S 0 4

4 0 H -P b Æ

t'

2+

Pb2+~~ 2e

I
4H20T"
1

•4~
Final products of
discharge

Pb 0 ,
____ ■

[{Less amt used} 2 H2 0 j

I

'" I " " “
Pb S 0 4

2H¡0
la)

Final products o f
discharge

Ionization process

Process produced by
current

Original materials
restored
<b>

Figure 1.1 Discharge and charge reactions o f lead-acid cell, (a) Discharge
reactions, (b) Charge reactions 31.
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Figure 1.2 Reactions that occur in lead-acid batteries plotted vs. electrode
potential. The rates o f these reactions are indicated by the current
potential curves 32.

Figure 1.2 illustrates the reactions that take place in lead-acid batteries

32

. The

horizontal axis shows the potential scale referred to the standard hydrogen electrode;
the range of the negative electrode on the left hand, the range of the positive
electrode on the right hand. In the center, a range of about 1.2V is omitted in order
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to stretch the scale. The rates of the various reactions are represented by currentvoltage curves that indicate how the rate of the reaction in question, expressed as a
current equivalent, depends on polarization. The two hatched columns represent the
equilibrium potentials of the negative and positive electrodes, respectively. Their
dependence on acid concentration is indicated by the width of these columns. The
charge and discharge reactions are represented by the curves. A rapidly change in
current indicates a fast reaction rate. It can be seen that hydrogen and oxygen
evolutions may occur even at the open-circuit potential.

Occasionally the equilibrium voltage is called the open-circuit potential or rest
potential. Strictly speaking, these two terms only mean a voltage without external
current flow, and may concern a mixed potential as well.

Actually, on account of

secondary reactions, the open-circuit or rest potentials in battery often are mixed
potential. This potential is characterized by two electrochemical reactions that occur
simultaneously at one electrode, i.e., the discharge of lead electrode and hydrogen
evolution with the result of self-discharge. Oxygen evolution at the positive electrode
under open-circuit potential is possible in thermodynamics.

The slow initial increase in current indicates a slow reaction rate.

When the

“polarization” or “overvoltage” exceeds a certain value, hydrogen and oxygen
generation are speeded up.
The characteristics of the chemistry and the electrochemical reactions of the lead acid
battery can be summarised as follows

:
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(1) The reactants, Pb and PbCb, and the product, PbS04, are solids, which remain in
plates (electrodes) during the charge and discharge processes. The current collector
/active material interface and the porous electrode structures are thus maintained.
(2) The reactions taking place at both electrodes use essentially the same chemical
species - lead, acid and water. Therefore, lead-acid batteries do not require highly
resistive and sophisticated membranes to prevent contamination across the two half
cells.

A simple, inexpensive separator made of wood, polymer and microfiber

glassmats will be sufficient.
(3) The double sulfate reaction is highly reversible within the time frame of typical
battery operating modes. With an energy efficiency of > 80%, the lead-acid battery
is one of the most efficient energy storage devices available.
(4) The cell voltage, which is more than 2V, is the highest voltage achieved with a
commercial aqueous battery.
(5) The lead-acid battery can operate with coulombic efficiencies as high as 95%,
due to the fact that the rate of water electrolysis is much slower than the rate of the
recharge reactions.
(6) The reactants are conductive. Lead dioxide has a conductivity of 11 (ohm cm)"1 at
25°C.
(7) Lead is very resistant to corrosion in sulfuric acid. Thus it can be used as the
current collector at both electrodes, even though as the cathode the combination of a
high voltage and a strong oxidizing environment.

The use of lead for current

collectors simplify the battery chemistry by minimizing contamination, provides
good adhesion of the electroactive materials to the current collector and minimizes
cost.
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(8) Finally, the lead-acid battery can operate at ambient temperatures between -40
and 70°C, although a temperature range o f -30 to 50°C is preferred. This means that
in most applications temperature control systems are not required, so that operation
in remote harsh locations is feasible and material problems are minimized.

1.4.4

Capacity, Energy and Power

Capacity
The capacity can be expressed as the amount of available electrical energy that can
be readily drawn from an electrode or its active mass, cell, or battery in according
with Faraday’s law. The capacity has a unit of ampere-hour, 1 Ah = 3.6 x 10J C
(coulombs).

IF = 96488.3 C =26.802 Ah (F is constant of Faraday’s law). The

value of the capacity is one of the important criteria used to judge a galvanic power
source. Faraday’s law governs the capacity of active masses.

The theoretical

capacity, C* for a lead acid battery can be calculated according to Faraday’s law
once the mass of the active materials in a battery is known. The theoretical capacity
often over-estimates the battery performance.

In practice, the mass utilization

coefficient, a, is taken into account to calculate the upper limit capacity of a lead
acid battery. That is:

C = a C th

(1.9)

The practical discharge capacity of a given mass, called the effective or useful
capacity, depends on many factors and can be given unequivocally under fixed
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conditions.

The discharge capacity, C = y d t , is determined in the laboratory,
o

usually with a constant discharge current, /; therefore C — I t. Capacity
determinations with a constant resistance are performed only in special cases. The
discharge time t is defined as the time to reach a specified end or cut-off voltage.

Energy
The specific energy is expressed in terms of the watt-hour (Wh) that can be delivered
per unit weight (kg), which is a frequently used parameter. Its theoretical value can
be calculated using equation 1.3. The active materials of a lead acid battery are Pb,
PbÛ2, and H2SO4. The weight contributions by these materials can be expressed as:

P= (207.2)Pb + (239.2) P b02 + (196) 2H2S 0 4 = 642.4 g

According to Faraday’s law, the quantity of electricity (Q), that can be generated
from two grams equivalent of these active components is:

Q - 2 x 96500 coulombs - 53.61 Ah

Assuming the discharge is carried out at the equilibrium voltage in 1 mole/L of acid
(E° = 2.040 v) and all components are completely consumed during the discharge,
then the theoretical specific energy is given by:
53.61 X 2 .0 4 0 /0.6424

=

170.2 Wh kg-1
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The energy (E) transferred during charge (Ech) or discharge (Ed) under constantcurrent conditions can be given by:

Ech

( 1. 10)

Vch I ch t ch

( 1. 11)

Ed - Vd Id td

Where Vch and Vd are the mean voltage during the charge and discharge respectively.

Power
The power (W) of a battery is the energy delivered per unit time. The value per unit
weight or volume is known as the ‘specific power’. The value of the theoretical
power can be obtained from:

W = VdI d = I d2R + I d2r

( 1. 12)

Where I dR is the power delivered to the external circuit. I 2dr is the power loss in the
cell due to the internal resistance. The useful power therefore equals:

(1.13)

W
I - Jdr
I 2r = 1I d^
2R
YYuseful = V
Yd1d

1.5

MANUFACTURING PROCESSES

The components of lead acid batteries are fabricated and processed as shown in the
Figure 1.3 34. The major starting material is highly purified lead. Lead is used for the
production of alloys and for the production of lead oxides.
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Figure 1 3 Production flow sheet fo r lead-acid batteries34.
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1.5.1

Production of Lead Oxide

The basic component in the manufacture of active materials for pasted plates is leady
oxide, which is a mixture of finely divided lead (‘free-lead’) and lead monoxide.
Though many lead oxide production methods have been used, the predominant two
are the ‘ball mill’ and the ‘Barton pot’ processes35.
In the ball-mill process, lead pieces are put into a rotary mechanical mill, and the
materials are smashed each other to produce a flaky, dust-like material, which is
partially oxidized by airflow. The airflow also serves to remove the leady oxide
particles to a collection container. Typical ball mill oxides contain 18-28 % free
lead.

In the Barton process, pure lead is melted in a crucible, then introduced into the
reaction vessel (pot). A rotating paddle in close proximity to the bottom of the vessel
skims molten lead metal into fine droplets, which oxidize rapidly as air is drawn
through the pot. The oxidation process is exothermic and generates heat, which is
necessary for maintaining the reaction temperature as more lead is introduced. The
airflow, which is generated by a motor-driven fan conveys oxide from the reactor to
the collector. The exhaust is passed through a filtration system to remove residual
dust. Barton pot oxides contain 25-35 % free lead.

The structure of the two polymorphic forms of lead monoxide is shown in Figure
1A 36. The alpha form of lead monoxide is tetragonal, and the crystals are tabular on
the (001) plane. The beta form is orthorhombic, and crystals are tabular on the (100)
plane. Some physical data for a-PbO and P-PbO are shown in Table 1.231. The lead
monoxide manufactured by the ball-mill process is almost pure tetragonal (a-PbO)
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while that produced by the Barton-pot process can contain up to 10% (wt) of the
orthorhombic form (|3-PbO) depending on the processing temperature.

O Lead
5.01 A

@ Oxynan

3.93 A

Alpha PbO

ST
© Lead

© Oxyçen

O Canter of Gravity

Beta PbO

Figure 1.4 Crystal structure o f a-PbO (Tetragonal) andß-PbO (Orthorhombic) 30.
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Table 1.2 Physical data o f a-PbO and f-P bO
a-PbO
Structure
Tetragonal

P-PbO
Orthorhombic

Mohs hardness

2

2

Density (gem'3)

9.14

9.56

Lattice constants (A)

ao = 3.96
c0=5.01
PbO-O = 2.30

ao = 5.476
b0 = 5.486
c0=4.743
Pb-0 = 2.221

Dielectric constant

32

35

Electrical conductivity (Q cm)'1

~ 10-14

~ 10-14

1.5.2

Lead Alloys

Pure lead is generally too soft to be directly used as a grid material. To improve the
hardness and strength, lead alloys with antimony in varying proportions between 612%37 are often used. These alloys are mechanically strong and creep-resistant, so
can be cast into dimensionally stable grids that are capable of resisting the stresses of
the charge/discharge reactions.

Typical modem alloys, especially for deep-cycling applications, contain 4-6%
antimony.

Grids with low antimony content are increasingly used to make

maintenance-free batteries.

An antimony content within a range of 1.5-2% can

ultimately reduce the water consumption. When the antimony content is below 4%,
small amounts of other additional elements are necessary to prevent grid fabrication
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defects and grid brittleness. The additional elements, such as sulfur, copper, arsenic,
selenium, and tellurium and various combinations of these elements, act as grain
refines to decrease the lead grain size ’ ’ . Small amounts of other elements are
also added to Pb-Sb alloys. Tin is used to improve metal fluidity and castability40.
Silver is claimed to improve corrosion resistance41,42.

On one hand, antimony alloys produce good initial mechanical properties, uniform
grain structures, and ease in conventional grid casting, while on the other hand, leadantimony lead alloy corrodes more rapidly than non-antimony lead alloys when used
for battery grids. During cycling, antimony may leach from the positive grid and
transfer to the negative plate, and substantial amount of antimony may be deposited
on the negative plate. As a consequence, the hydrogen overvoltage at the negative
plate is decreased, resulting in the production of hydrogen gas to consume water.
Because of these problems, the lead-antimony alloys are not suitable for lowmaintenance batteries and maintenance- free batteries.

In recent years, lead-calcium and lead-calcium-tin alloys have been become the
alloys of choice for maintenance-free automotive batteries, as well as for valveregulated lead-acid batteries. The calcium content is normally in the range of 0.03
0.2%.

In general, the rate of corrosion of lead-calcium alloys increases as the

calcium content is increased43, 44. In order to improve the corrosion resistance, there
is a worldwide trend to reduce the calcium content in positive grid alloys.

The

corrosion properties can be improved by adding tin to these alloys45, 46, 47. It has
been reported that the creep resistance of the grid alloy can be restored without any
decrease in the hydrogen overpotential by adding 1 to 1.5% tin to the lead-calcium
alloy48, 49, 50. It has been shown that the introduction of these levels of tin brings
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additional benefits in the form of enhanced corrosion resistance of the corrosion
product layer.

Silver is added to lead-calcium-tin alloys to further decrease the

corrosion rate51, 52. Silver in combination with tin has been shown to decrease
dramatically the rate of corrosion of these grid alloys. Barium additions to lead
calcium-tin alloys have been shown to improve the mechanical properties53.

1.5.3

Grid Production

The most critical non-active component in a lead-acid battery is the grid.

The

purposes of the grid are to hold the positive and negative active materials and also to
provide a conductive path for the current to and from the plates during charge and
discharge. The grid design is generally a rectangular framework with a tab or lug for
connection to the post strap. For cast grids, the framework features a heavy external
frame and a lighter internal structure of horizontal and vertical bars. One advanced
grid design is the “radial” grid, with the vertical wires displaced along the frame,
pointing directly toward the tab area in order to increase grid conductivity.

An

Examples of conventional cast flat grids and radial-design grids are shown in Figure
1.554.
During the 1970s, a grid production technology was developed based on expanding
or punching metal strip. The method involves partial slitting of a rolled metal sheet
of cast Pb-Ca-Sn or low-antimony alloy and then stretching the wrought strips to
form a diamond grid (see Figure 1.655). The advantages of this method include lower
grid weight per unit of battery electrical performance, the capability to manufacture a
wide variety of sizes with a minimum investment in tooling, and high grid
productivity with high uniformity.
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Figure 1.5 Examples o f lead-acid battery cast grids, (a) Conventional cast grid,
(b) Radial-design grid 55.

Figure 1.6 Wrought lead/acid g rid 56.
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The sheet like electrode offers much more uniform discharge and recharge
characteristics for the positive active-material compared with those for conventional
cast or expanded-metal grids56. The discharge and recharge currents across the
surface of the electrode are very uniform.

In addition, the corrosion is reduced

because the grid has a high surface area and therefore gives rise to a lower corrosion
current (A cm' ) than conventional materials.

A Thin Metal Film (TMF) technology57, 58, 59,
Technologies Corporation, Golden, CO.

60

has been developed at Bolder

The grids used are rolled sheets with a

thickness of only 0.05 to 0.08 mm and have an active-material layer of about the
same dimensions. As can be seen in Figure 1.761, these thin sheet electrodes offer
the ultimate design for uniform charge and discharge of the active material.
Moreover, the novel method of having the positive ‘terminal’ at one end and the
negative at the other end of the cell improves the high-rate performance of the
electrodes. When compared to conventional flooded and sealed lead acid batteries,
this design produces a 16-19 times increase in the ratio of plate surface area to active
material, and a 20-80 times decrease in the path length of the electron flow . The
basic cell design is illustrated in Figure 1.8.

CONVENTIONAL

ACTIVE MATERIAL

BOLDER
JC1 - TMF

LEAD
ACTIVE MATERIAL

Figure 1.7 Bolder/JCI thin metal foil battery plate 61.
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Bunsen valve
seal & vent

Spiral wound
foil plates

Plastic
case

Ultrasonic
weld

Foil Thickness; 0.05mm {0.002”)
Plate Thickness; <0.25mm (<0.010")
Plate Spacing; 0.2G-G,25mm {0.008-0.010”)

Figure 1.8 Cross-section o f 1 Ah/2Vsub- cell62.

1.5.4

Paste Making Process

Paste preparation is a key step in the production of active materials that determine
the design life and performance characteristics of lead-acid batteries.

The paste

preparation process is a process that blends all the necessary materials together in the
right ratio and under the right conditions to for high quality paste. Paste is formed by
mixing lead powder with water, diluted sulfuric acid and additives. Three types of
paste mixer are commonly used. These include the pony mixer, the muller and the
vertical muller.

The pony mixer is the traditional unit, in which a pre-weighed

amount of leady oxide is placed into the mixing tub and then wetted with water,
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followed by a sulfuric acid solution. Muller mixers are usually filled with the water
first, then the oxide, and then by adding the acid.

The pastes for positive and

negative plates are usually prepared in separate mixers in order to prevent
contamination of the positive paste with BaSC>4 containing residues from the
negative paste.

The paste preparation process is not a simple mixing process. During this process, a
number of physical and chemical reactions take place. The following summarizes
the important changes during the paste process.
(1) Mixing the initial components: PbO powder, H20 , H2SO4 and the additives in the
formulation of the positive or the negative pastes.
(2) A heterogeneous reaction between PbO and H20 resulting in the formation of
hydrates and basic hydrates, and between PbO and H2S04 leading to the formation of
basic lead sulphates and homogenization of the paste

During paste mixing, a

significant proportion of the total leady oxide is converted into one of the three
possible basic lead sulfates, namely, monobasic, Pb0 PbS04 (IBS), tribasic,
3 P b 0 P b S 0 4H20 (3BS), or tetrabasic, 4Pb0-PbS04 (4BS)63. The presence of IBS
is detrimental to the durability of the active material, and consequently, the plate
performance64. Monobasic lead has poor cohesive strength and, as a result, promotes
shedding of the active material during both plate formation and battery service. The
level of IBS should be kept below 10 wt.%65. This may be achieved by the selection
of an appropriate acid-to-oxide ratio, by the correct mix sequence, and by the
introduction of the acid to the oxide in a well-regulated and uniform manner. The
peak temperature and temperature profile of each paste mix must be carefully
controlled.
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(3) Re-crystallization and growth of the basic lead sulphate crystals:

A peak

temperature below 65°C results in the preferential formation of 3BS.

At

temperatures between 65 and 76°C both 3BS and 4BS are formed, while above 76°C,
4BS predominates. The 4BS ‘seed’ crystals begin to form and continue to grow
when the paste temperature remains high. The longer the temperature remains above
65°C, the larger the crystals grow.

The acid/oxide ratio is also significant in

controlling the ratio and size of the 3BS and 4BS crystals. When a low acid-to-oxide
ratio is employed, the yields of 3BS and 4BS are decreased, while at the same time,
the size of the 3BS crystals is increased and the size of the 4BS crystals is
decreased66.
(4) Adjustment of the density of the paste to the manufacturing requirement: One of
the main criteria for acceptability of the paste is its density, since this is a measure of
the porosity, hence the ultimate capacity of the formed active material. Battery paste
is made up of several components. The density is dependent on the relative amounts
of each component. Due to the great difference in density between the lead sulfates
and water, a small change in the moisture content will have a large impact on the
paste density.
It should be mentioned that the phase composition could be affected by the ratio of
H2SO4 to PbO. Pavlov and Papazov 67 have demonstrated the dependence of the
composition of the paste on the ratio between H2SO4 and leady oxide. The pastes
were prepared at 35 or 80°C, and components were added in the following order:
lead powder, water, H2SO4 solution. After 40 min stirring, the paste composition
was determined by XRD analysis. Quantitative data was monitored by the changes
in the relative intensity of the characteristic diffraction peaks of the respective
phases. Figure 1.9 presents the 35°Cresults. It can be seen that 3Pb0 PbS04 H20 is
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the major phase formed at acid contents up to 10%. The amount of this compound
increases proportionally with an increase in the H2SO4 content, and orthoromb-PbO
is also formed. Above 8% (wt) H2SO4, the Pb0 PbS04 phase begins to appear. The
lead particles are oxidized to a certain extent when the paste is stirred. Figure 1.10
presents the phase composition in pastes prepared at 80°C. Up to 6% (wt) H2SO4,
the main compound in the paste is 4PbO H2SO4. Orthoromb-PbO is also formed.
3Pb0 'PbS04'H20 appears when the H2SO4 content is 6%. Above 8% (wt),
PbO PbSC>4 is also present in the paste. This suggests that the entire quantity of
4Pb0 'PbS04.has been transformed into the above-mentioned basic lead sulphates.
A high quality paste should have following characteristics 68:
•

Good plastic- flow properties (plasticity)

• Sufficient moisture for effective curing
• Uniform texture (crisp, crunchy consistency)
• Controlled and defined paste density
• Minimal monobasic lead sulfate
• Homogeneous composition
• Specific formulation (recipe and temperature)
In order to achieve the above characteristics, the following parameters must be taken
into account during the paste preparation process 64:
•

Starting oxide properties

•

Amount of H2SO4 and H 20

•

Mixing sequence

•

Temperature

•

Time
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Figure 1.9 Phase composition o f a paste prepared at 35°C vs. the amount ofH 2S 04
expressed as a % with respect to the quantity ofPbO
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Figure 1.10 Phase composition o f a paste prepared at 80° C vs. the amount o fH 2S 04
expressed as a % with respect to the quantity o f PbO67.
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1.5.5

Pasting

Pasting is the process by which the paste is actually integrated with the grid to
produce battery plates. This process is a form of extrusion, and the paste is pressed
by hand trowel or by machine into grid interstices.
Two types of pasting machine are commonly used, a fixed-orifice paster that pushes
paste into both side of the plate simultaneously and a belt paster in which paste is
pressed into the open side of a grid that is being conveyed past a paste hopper on a
porous belt. The amount of paste applied to a plate by a belt paster is regulated by
the spacing of the hopper above the grid on the belt and the type of trowelling (roller
or rubber squeegee) used at the hopper exit. Grids are automatically or manually
placed onto the belt before being moved under the paste hopper.

1.5.6

Curing

The curing process is used to improve both the active mass/grid contact and the
mechanical strength of the active mass69.
The basic processes that take place during plate curing are lead oxidation, paste
drying, and re-crystallization of the basic lead sulphates. Pastes are produced from
powders containing 70-80% PbO and 20-30% lead metal in a dispersed state.
Initially, the pastes were kept in the mixer until a substantial portion of the metallic
lead was oxidized. Later, it was established that the free metallic lead is more readily
oxidized if the pasted plates are arranged in piles and kept warm and humid. Since
the moist paste of the plates was prone to sticking, a surface during of the plates was
introduced prior to their arrangement in piles. A supplementary effect was observed
during this operation.

The heating up and preliminary drying accelerated the
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oxidation of the lead particles.

Since this reaction is exothermic, the evolved

reaction heat was found to be sufficient to maintain a high plate temperature after
completion of the drying process. This process was called “curing of the plate”.
The effect of the moisture content of the plate on the lead oxidation process was
investigated by Pierson70. Figure 1.11 shows the alteration of the lead and water
contents in the plate during curing. The rates of both processes are changed during
curing since they are interrelated. Water is required to catalyze the exothermic lead
oxidation process; while the evaporation of the moisture in the paste requires heat.
Humphrey et al.

have also studied the effect of moisture upon the lead oxidation

rate. The maximum oxidation rate is observed with a 7-8.5% moisture content.
The relationship between the phase composition of cured pastes and the amount of
H2SO4 at different temperatures has been reported by Pavlov and Papazov 69 (Figure
1.12). By comparing the results in Figures 1.9, 1.10 and 1.12, it can be seen that lead
is oxidized into tet-PbO during curing. This process is very slow when the H2SO4
content is above 8 %. For paste prepared at 80°C with H2SO4 content > 8 %, a small
amount of PbO PbSCU can be transformed into 3PbO PbSCV^O.

Figure 1.11 Metallic lead and moisture vs. curing time 70
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Figure 12 Phase composition o f cured pastes prepared at (a) 30 and (b) 80° C vs.
H 2SO4 content in the paste69.

1.5.7

Form ation

The formation process is the last step in plate production. During this process, the
active materials of the plates are converted into electroactive forms. In principle, it is
possible to apply chemically prepared active masses to a grid. However, the report
showed that extremely poor battery performance was resulted when the chemically
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prepared positive and negative masses were directly used for the construction of
battery plates72.

This is because the chemical nature alone cannot ensure the

appropriate micro-structure and electroactivity of the active materials.

Adequate

plates can be obtained in electroactive forms by means of electrochemical formation.

The electrochemical formation process involves the formation of lead dioxide with
tetravalent lead on the positive electrodes and sponge lead on the negative electrodes
in a sulfuric acid solution.

Two types of reactions can be distinguished during formation. One is a chemical
reaction taking place during the soaking of the plates in the electrolyte. As a result,
the basic lead sulfates are partially converted into lead sulfate (PbS04). Another is
an electrochemical reaction that converts the basic lead sulfate (3BS, 4BS, PbS04) or
PbO into electroactive forms of Pb02 and Pb at the positive and negative electrodes
respectively.
Positive Plate (anodic process or oxidation):
PbS04 +2H20 -> P b02 + H2S 0 4 + 2H+ + 2e

(1-14)

PbO + H20 -> Pb02 + 2H+ + 2e"

(1-15)

Negative Plate (cathodic process or reduction):
PbS04 + 2H+ + 2e" -» Pb + H20

(1-16)

Positive plate formation

During the formation of the positive plate, two phases of lead oxides (a-P b02 and (3P b 0 2) are formed in the positive active mass73. The ratio between the different
polymorphs and morphologies depends on the formation conditions74 such as the
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concentration of the formation H2SO4 electrolyte, the current density, the paste
density, the temperature and the phase composition of the cured paste.

The changes in the phase and chemical compositions during formation, as well as the
changes in both the open circuit and discharge voltages of the plate have been
investigated by Pavlov and co-workers7' . The pastes were prepared with a 4.5 wt%
H2SO4

solution at 30 °C. Figure 1.13 shows the results of these studies.

Depending on the initial products, the formation process may be completed in two
stages of reactions. In the first stage of formation, the lead oxide reacts with H2SO4
to form PbSC>4, which is then oxidized to form oc-PbCF (with some p-PbCN). At this
stage the potential under current and at open-circuit is low. After about 6 hrs, the
second stage of formation starts. The remaining PbSCU is oxidized to p-PbCN. and
the potential under current increases.

When the newly cured plate is immersed in the H2SO4 solution used for the
formation, water penetrates the plate while the H2SO4 remains on the surface and
PbS04 crystals are formed (PbS04 zones are formed at both plate surfaces). In the
interior of the plate PbO and 3Pb0 PbS04-H20 are hydrated and dissociate. Thus, a
pH between 6-10 is established inside the pores on the plate. From the potential pH
diagram (Figure 1.14 6). it can be seen that PbO and 3Pb0 PbS04-H20 are oxidized
to Pb02 at potentials substantially more negative than those at which PbS04 is
oxidized.

Therefore, the oxidation of these compounds proceeds initially if the

overvoltages of the electrochemical reactions for the oxidation of PbS04. PbO. and
the basic lead sulphastes are roughly identical. XRD analysis suggests that in
addition to Pb02. PbS04 is also formed in the reaction layer.

The latter is
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thermodynamically stable at a pH below 6-7. Therefore, it follows that the reaction
layer will have a pH lower than 7 and that PbO or the basic lead sulphates will be
dissolved in this layer.
When PbO and

3 Pb 0

-PbS0 4 -H20 become depleted, the pH of the solution will

decrease. In order to maintain a constant formation current, the potential of the plate
will increase and reach the value required for the oxidation of PbS0 4 to Pb02. At
this point, commencement of the second formation stage will take place.

Figure 1.13 Phase or chemical composition and potential o f the plate under
discharge cuirent i((pi) or open-circuit ((pi) vs. formation
time; formation electrolyte 1.05 s.g. H 2S O P .
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Figure 1.14 Potential/pH diagram ofPb/H20/H2S04 system at 25°C in the
presence o f sulphate ions at unit activity76.

Negative plate formation
Reduction of PbO and basic lead sulfate during the formation process starts on the
surface of the grid, and then spreads over the two surfaces of the plate. After the
latter are covered, the reactions penetrate the bulk of the plate
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Pavlov et al. reported on changes in phase composition during a 12-Ah negative plate
formation in 1.05 s.g. H2SO4 at a current density of 5mA cm'2 (Figure 1.15) 78, 79.
XRD results show that initially, the amounts of PbO and 3P b 0 P b S 0 4 H20 decrease,
while those of Pb and PbS04 increase because PbO and 3P b0P bS 04H20 are
partially reduced to Pb and PbO partially reacts with H2S 0 4 to form PbS04. This is
followed by a decrease in PbS04 content and an increase in Pb content due to the
reduction of the lead sulphate to metallic lead.

A set of criteria can be used to measure the end of formation80 :
1. The electrolyte density becomes constant, and its value is near to the starting
value.
2. The individual electrolyte densities becomes constant, and their values are
dependent on the temperature and the acid density.
3. The potentials versus a cadmium reference electrode are 2.3 to 2.45V for positive
and -0.05 to -0.2V for negative plates.
4. The plates gas uniformly and strongly.
5. The plates are uniformly colored without white spots. The negative plates have a
blue cast and show a metallic shine when scratched lightly. The positive plates
are dark brown to black, and the color cannot be rubbed off.
6. The temperature rises steeply toward the end of the formation in the overcharge
phase if the current is not reduced.
7. The amount of current charged into the plates during formation is an indication of
the completeness of formation.

The surplus above the theoretically needed

amount of current is increased when the formation time is shorter, that is, when
the current density is higher. If parts of the plates are still incompletely formed
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after the prescribed amount of current has been passed, the reason can be an
inactive insulating sulfate layer, either a recrystallized sulfate surface or a dense
layer formed from fme grain oxide. This effect can also be caused by impurities
of the formation acid, especially iron and organic impurities.

Figure 1.15 Change in the phase composition o f a negative plate during formation78.

1.5.8

Assembly and Case-to-Cover Seal

The following methods are used for battery assembly and the case-to-cover seal81. A
practical cell or battery normally contains 3-30 plates with separators in between.
Individual or “lead” separators are generally used. Plates and separators are stacked
manually or by a stacking machine. Stacked elements are staged on roller conveyors
or as input to the interplate welding operations. Welding is done by two general
methods - melting of the lugs in a mold with the lugs facing upward, or immersion of
lugs facing downward into pools of molten lead alloy contained in a preheated mold.
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The first method is the traditional assembly method for lead-acid batteries. In this
method, the plate lugs fit up through slots in a mold “comb”, and the shape and the
size of the group strap are delineated by the “dam” and “back iron” portions of the
tooling.

The second welding method is called “cast-on strap” process and is

typically used for SLI cells. Stacked elements are loaded into slots of the cast-on
machine. A mold that has cutouts corresponding to the desired straps and posts is
preheated and filled with the appropriate molten lead alloy.

The mold and the

stacked elements are moved until the plate lugs are immersed in the strap cutouts.
External cooling solidifies the strap onto and around each lug, and the elements are
moved to a point where they can be dropped into the battery case. A good weld is
required between each plate lug and the strap so that high-rate discharge can be
performed.

The resultant assemblages of plates and separators are known as

elements, and the welded subelements are known as groups. Electrical testing for
short circuits is usually done on elements before further assembly.

Cast-on battery elements are either continuously connected or made in discrete one
cell modules. The first method, the loop-over-partition design, requires that long
intercell connections be used. These travel over the intercell partition and are seated
in a slot in this partition. In the cast-on method, tabs on the ends of the plate straps
are positioned over holds that have been prepunched into the intercell partitions of a
battery case.

These tabs are welded together manually with a small torch or

automatically by a resistance welding machine. The latter also squeezes the tabs and
the intercell partition to provide a leak-proof seal.

After battery assembly, each cell is tested for air-tightness by subjecting the system
to a pressure or vacuum for a certain period of time. If the battery is a dry-charge
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type, the case is screwed to the sealed to the position, and battery is ready for
delivery.

If cells have unformed plates, the cells or batteries are taken to the

formation shop, where the cells or batteries are filled with the acid and charged.
Usually, these cells or batteries are delivered with filled electrolyte and are ready for
use.
Different processes have been used to seal the battery cases and cover together.
Most SLI batteries and many modem traction cells are sealed with fusion of the case
and cover. Stationary batteries in plastic cases are sealed with epoxy glues, with
solvent cement, or with a thermal seal.

1.6

VALVE-REGULATED LEAD-ACID BATTERIES

Valve-regulated lead-acid (VRLA) batteries with gelled electrolyte first appeared on
the market in the late 1950s. The VRLA battery market expanded rapidly during the
1970s when the glass-fiber felt separators that could immobilize large amounts of
electrolyte had become available. VRLA batteries can be constructed using on the
same materials and electrode reactions as conventional lead-acid batteries. The cells
are also positive limited. The starved electrolyte and the excess of negative active
material facilitate the recombination of oxygen produced in the cell during
overcharge or during “float” charge to prevent gassing.
VRLA batteries differ from the conventional lead-acid batteries in the following
ways

82, 83, 8 4 .

(i)

Use of non-antimonial lead alloys

(ii)

Immobilization of the electrolyte (“starved” electrolyte) absorbed in the

:85
85

;

separator or a gel;
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(iii) Mechanical strengthening of the constituents (gelled electrolyte or tight
assembly of the separator with electrodes);
(iv) Transfer of ions as well as oxygen through the separator acting as an electrolyte
support;
(v)

Reduction of the “dead” space for sludge and gases (favorable for the energy
density, Wh d ‘3 );

(vi) Use of a pressure release valve combined with a moisture separator.
These new technological features result in an improvement of functional properties
such as:
(i)

Functioning in any position;

(ii)

No water addition (“topping up”) necessary;

(iii) Problem-free installation (no explosion hazard);
(iv) Comparable, or even lower, internal resistance;
(v)

Lower self-discharge rate;

(vi) Increased cycle life.

These superior features of VRLA batteries make the lead-acid batteries suitable for
many new applications, for examples, domestic electronic equipment, such as
portable video recorders, portable television sets, electronic flash lights, etc. where
they begin to compete with sealed Ni-Cd batteries, Ni- MH batteries and primary
batteries.
1.6.1 The Principle of VRLA Battery Operation
The basic principle of VRLA batteries is founded on the oxygen formed during
charging at the positive electrode being internally transported to the negative
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electrode where the oxygen is reduced.

The negative electrode thus becomes

partially discharged and does not reach the overcharging phase with simultaneous
hydrogen evolution.

Therefore, no water consumption occurs as the total

overcharging current is converted into heat.

During overcharging, oxygen evolves at the positive electrode:

2H20 =* 0 2 t + 4H+ + 4e

(1.17)

The oxygen produced at the positive electrode can then be transported through a gas
space to reach the negative electrode where the reduction of oxygen takes place:

2Pb + 0 2 + H2S 0 4 => 2PbS04 + 2H20 + heat

(1.18)

Thus, an internal ‘ oxygen cycle’ is established (see Figure 1.16 86 ).

There are two types of designs that can provide the gas space. With one type of
design, the electrolyte is held in an absorptive glass-mat (AGM) separator , or
00

alternatively, the electrolyte is gellified by dispersion with Si02 .

With the

immobilized electrolyte, open space is left in the large pores of the AGM felt, which
are not filled by electrolyte or in cracks in the gelled electrolyte allowing fast oxygen
transport by diffusion in the gaseous phase. The rate of diffusion of oxygen in the
gaseous phase is more than 105 times faster than that of the dissolved state in a liquid
medium. Diffusion of oxygen is fast enough to by past the separator, that is required
with a gelled electrolyte.
Oxygen evolved at the positive plate transfers through the micropores in an
absorptive glass mat (AGM) separator or through the microcracks in a gelled
electrolyte, to reach the surface of the negative plates. Since the transport rate of
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oxygen in the gas phase is much higher than that in the electrolyte, there are mainly
two ways in which oxygen can move from the positive to the negative plates. The
oxygen can penetrate directly through the separator to reach the negative plates
(horizontal transport) and/or be vertically transported to the gas space of the battery
first and then reach the surface of negative plate vertically again from the gas space.
Electrochemical and/or chemical processes take place to reduce the oxygen into
water once the oxygen reaches the negative plate89’. In the above process, the oxygen
penetration is through the thin film on the lead surface, and the surface area available
for the reduction may be the rate-controlling step90.

The reduction of oxygen

depolarizes the negative electrode and therefore inhibits the evolution of hydrogen.
In order to prevent no premature evolution at the negative plate, the mass ratio of
negative and positive materials must ensure that the negative plate is only partially
charged when the positive plate is fully charged.

During the overcharge, oxygen atoms are formed by the adsorption of OH radicals
and their dehydration at the positive plate. Two oxygen atoms then combine to form
an oxygen molecule. The rate of oxygen evolution depends on the OH adsorption
and the polarization overpotential91’92. In the case of the starved electrolyte, the rate
of oxygen evolution is much higher than that of hydrogen evolution, but its content
in the gas space of the battery is much lower than that of hydrogen93,94. This implies
that a fast oxygen cycle occurs in the VRLA batteries. The oxygen recombination
processes have been extensively investigated 95’ 96’ 91. The results indicate that the
rate of the oxygen cycle is closely related to the void space in the separator which
allows oxygen transport from the positive plate to the negative one. At the same
time, it has been found that the pressure in the gas phase of VRLA batteries increases
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with charging and decreases with discharging and during open circuit, indicating that
the vertical oxygen transport undoubtedly occurs. The investigations have also
revealed that the material balance between the positive and negative plates largely
influences the rate of the gas recombination in a VRLA battery. After all of the
research efforts, the drying out of electrolyte is still one of the main failure modes of
VRLA batteries.

S e p a ra to r

E j e c t r o ly to F i l m

1 m m t h ic k

R © co m b in atio n R e a c tio n

O v e r c h a r g e R ea ctio n
2HjO

E le ctrolyte Film

O , * 2 P b + 2 H ,S O ,

4 H ’> 4 8 ' t O , î

2 P b S O Jt + 2 H * 0 * HEAT.

Figure 1.16 Conceptual view o f the oxygen cycle in an AGM design o f
valve-regulated battery 86.
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1.6.2

The Separators for VRLA Batteries

In order to achieve a high efficiency of gas recombination, microfibre glassmats are
predominantly employed for electrolyte immobilization in VRLA batteries due to the
superior properties of the separator, i.e., a distance fixation of the electrodes being
permeable for ionic current flow. In addition, extremely high porosity (>90%), a
large internal surface area (> 1 m2/g), and good wettability are the prime
characteristics required for absorbing a maximum quantity of electrolyte. A large
internal surface area is achieved by finest fiber diameter, e.g., glass fibers of 10 pm
diameter reach -0 .1 5 m2/g, whereas the 0.5 pm fiber result - 3 m2/g.

The pore distribution of fiber mats is anisotropic. Within the plane between the
electrodes very fine pores ( -1 pm) are formed due to the fiber diameter, effecting
high capillary forces. In the direction perpendicular to this plane, pores of 10-20 pm
diameter can be found, which are required to assure the oxygen transfer . The
separator has to have long-term stability against the various chemical and
electrochemical attacks that take place inside a lead-acid battery and, of course, its
susceptibility increases with increasing internal surface area. It also must not release
any substances which may cause an increase in the rate of gassing, corrosion or self
discharge.

Finally, it should be robust enough that it can be handled in the

production process, i.e., it should not be punctured by sharp edges or small particles.
Microfibre glassmates meet these generally formulated requirements99,100>101’ 102>103

The glass microfibres in the battery separators essentially act like springs between
the battery plates. Additional glass fibres can be added in one of two ways: (i) by
increasings the designed compression104, and (ii) by using a separator with a higher
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density (lower porosity, i.e., semi-precompressed)105. Separators with higher density
provide added glass-fibre springs between the plates while decreasing the problems
involved in assembling a cell using a compression design.
Another trend in battery design is the use of precompressed separators106, I07. A
precompressed separator is a separator that has been compressed outside the jar.
After the cell is assembled and the acid is added, the separator expands and, thereby
provides the designed compressive force inside the cell.

The precompressed

separator can also allow the manufacturer to add additional glass between the plates
without excess bulging of the case.

Recent studies have reported improved

performance by increasing the amount of microglass separator between the plates.
ALABC and individual company studies have shown that higher design compression
and separators with a higher fine fiber content result in batteries with a better cycle
life108.

1.6.3

Characteristics of VRLA Batteries

Gas Extrication
Diffusion of oxygen is fast enough to by past the separator, that is required with a
gelled electrolyte. Figure 1.17109 shows the gas extrication of a Dryfit® battery in
comparison with conventional batteries. In the initial state, the gas extrication is
10% of a flooded battery. This decreases further during the battery life because of
electrolyte ageing110. For such batteries, only 25% ventilation is required.
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cm 3
Ah

Figure 1.17 Gas extrication from gelled-electrolyte and conventional batteries
during float charging109

Self-discharge
A antimony-free alloys are often used for the constmction of VRLA batteries. The
high hydrogen overvoltage of this type of alloy results in a low self-discharge rate for
the VRLA batteries. After two years storage at 25°C, the residual capacity is at least
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75% of its initial capacity, which corresponds to a daily self-discharge rate of
0.08%m .

Acid stratification

In VRLA batteries, the immobilized electrolyte greatly hinders the vertical flow of
the acid. By employing an AGM separator, which is made of very fine fibers with a
fine pore structure and high capillary forces112, the stratification of acid can be
minimised. No significant stratification effect is observed in AGM felts due to the
strong bonds holding the acid in the gelled electrolyte.

The elimination of

stratification allows the use of VRLA batteries in applications where acid mixing
cannot be achieved by overcharging, and where conventional lead-acid batteries
suffer premature failure due to acid stratification.

Cvclins
The demand to minimize water loss does not allow the use of antimony alloy in
VRLA batteries. As a consequence, the cycle performance of VRLA batteries is
decreased. This disadvantage, however, can be compensated to some extent by the
immobilized electrolyte that reduces or prevents shedding of the active material. The
gelled electrolyte fixes the active material, and AGM separators have to be
compressed to a certain degree. Nowadays, for the VRLA batteries designed for
cycle applications, e.g. in electric vehicles, a thousand full cycles (80% DOD) can be
achieved.
A general problem for any cycling regime is the necessity to reach full charge of all
cells of a battery within a limited period of time. Differences between the charge
acceptance of the positive electrodes in the various cells cause variations in the rate
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of the internal oxygen-cycle. A higher rate of the internal oxygen-cycle, however,
means that a relatively smaller potion of the charging current that flows through the
battery is left for charging the cell. As a result, the individual cells reach different
charging status at a given charging time. Within one charge/discharge cycle, this
uneven charge status between the individual cells may be only marginal, but
nevertheless they accumulate with increasing number of charge/discharge cycles,
which may lead to a fatal consequence.

To avoid this, a certain degree of

overcharging has to be employed in cycling applications, although this leads to
increased water loss. Charging methods for cycling applications of VRLA batteries
therefore usually include terminated periods of charging at increased voltage. They
always represent a compromise between charging time, charging efficiency, and
water loss.

The VRLA batteries can achieve substantial improvements in battery life through the
application of proper and sustainable compression113, 114.

The alloys identified

during the ALABC programs in France 115 display not only improved corrosion
resistance but also high creep strength which also helps to retain the active material
within the necessary restricted volume that is necessary to allow long life116.

Recharse time
The response to recharge regimes provides the clearest demonstration of the
difference in operating behaviour between valve-regulated and flooded lead-acid
batteries.

An initial study117 of all the major types of lead-acid batteries

demonstrated that thirty commercial lead-acid batteries had a design that was able to
accept a rapid recharge.

Moreover, valve-regulated lead-acid battery products

responded particularly well and were capable of repeated rapid recharge for several
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hundred cycles. This advance has been achieved through careful attention to the
charge algorithm and has been spectacularly successful, to the point that, in one
vehicle study, a 50% charge is being returned in 3 min. The capability for rapid
recharge dramatically improves public attitudes towards the electric vehicle.

1.7 LIMITATION AND FUTURE OPPORTUNITIES FOR LEAD-ACID
BATTERIES
An increasing concern for the environment and the pollution problems caused by
internal-combustion engine vehicles, especially in the big cities, has led to worldwide
interest in the development of efficient electric and hybrid vehicles.
The battery, as an autonomous energy storage system, is one of the key elements in
the operation of electric vehicles, due to its great influence on the final cost, range
and performance of the vehicle. Although different kinds of battery systems such as
nickel-metal hydride and lithium-polymer batteries have been applied to electrical
vehicles for road trials, the lead-acid battery system has always been the lowest cost
option, with its nearest cost competitor being several times more expensive. While
such a cost difference would not be so important in say a mobile phone or portable
computer application, nevertheless, in the case of an electric vehicle where the
battery may account for half the total cost118, it is a major factor.

In the modem lead acid battery manufacturing process, the plates of the battery are
made from leady oxide, a mixture of lead monoxide and metallic lead (‘free-lead’).
These materials are generally satisfactory, but after pasting, the plates have to be
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treated through a curing/drying process to oxidise the free lead in the plate so that
less than 5% remains 119. The curing/drying process has to be done under rigidly
controlled temperature and humidity conditions over many hours. This process is
time consuming and also increases product cost.

Therefore, it is important to

develop a new plate making processing technique for manufacturing valve-regulated
lead acid batteries for electric vehicles at lower cost.

A recent survey

revealed that there will be a market for vehicles with a range

between 160 and 190 km that should be of the order of 1.5 to 2% of total vehicle
sales in the USA within the next several years. The current status of the performance
of vehicles available with lead-acid batteries has been evaluated by EV America.
They reported that the most up-to-date offerings of the major automobile
manufacturers offer a range of 110km121.

The specific energy of the lead-acid

batteries used in these vehicles is 35 W h kg'1, so it is clear that in order to achieve a
range of over 160 km, a specific energy of around 50 W h kg'1 should be the
target122.

The theoretical specific energy of the lead-acid battery is about 170 Wh Kg-1. The
specific energy actually achieved depends on the discharge rate but is only about
20% of the theoretical capacity123, 124. Figure 1.18 graphically illustrates how the
theoretical specific energy of the lead-acid system of 258 Wh kg'1 degenerates to
about 35 Wh kg' when a battery is constructed

.

To improve the energy density of a lead-acid battery, the designer can either reduce
the weight of non-capacity contributing components or to increase the activematerial utilization (or better do both)

126 127

’
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The weight of a lead-acid cell is made up of two parts. The first part is the active
components, consisting of the positive and negative electrode materials and the
sulfuric acid as electrolyte. The second part consists of the hardware necessary to
accommodate the contents of the cell and the electrical conductors needed for
collecting the electrical current and connecting one cell to the next. In a typical
commercial cell, the additional weight of this hardware is equivalent to 20g A 'V 1.
Some weight reductions can be achieved by using lightweight grids52*'12Q.
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The active material utilization is another major factor that affects the specific energy.
The active material utilization for the positive plate is about 35 ~ 50% at the 3-5 h
discharging rate127,130, 131\ The efficiency of positive electrode materials utilization
can be improved by using thinner plates and effective additives126’127‘

1.8 SCOPE OF THESIS
The aims of this proposed project are to develop a new plate making processing
technique for manufacturing a high energy density lead-acid battery with a low cost.
The final goal is:
(1) Reducing the manufacturing cost and time by using non-curing process
techniques.
(2) Increasing the energy density by means of a battery weight reduction and
improved active material utilization.
(3) Increasing the cycle life by using a spiral wound cell construction.
On the basis of the above review, a new plate making processing technique for
manufacturing low cost, lightweight and high energy density lead-acid batteries
using new innovative materials including grids and lead oxides was investigated.
In Chapter 2, the materials and chemicals used in this project are described. The
experimental methods and procedures are also described in this chapter.

Chapter 3 presents an investigation of lead-coated glass fiber mesh as a grid material
for the positive plate.
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Chapter 4 presents studies of a non-curing plate making process using a hydrogen
peroxide solution to mix the paste.

In Chapter 5, the beneficial effects of red lead on non-cured plates prepared using the
hydrogen peroxide solution to mix the paste are described.

Chapter 6 presents effects of the acid-to-oxide ratio and paste density on the
performance of positive plates made from pure lead oxide.

An evaluation of carbon fiber used as an additive for a non-cured positive plate made
from pure lead oxide is presented in Chapter 7.
Chapter 8 provides preliminary studies on the synthesis and characterizations of
nanocrystalline lead oxide. a-PbO and p-PbO were synthesized by a simple chemical
decomposition method, and tested as positive materials.

Chapter 9 presents preliminary studies on the fabrication of a spirally wound cell
with a non-curing plate making process.

The advantages of the spirally wound

electrode design are reported.

Finally, the main results and conclusions are summarized in Chapter 10.
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2.1 MATERIALS AND CHEMICALS
All chemicals used in the present work are listed in Table 2.1.

Table 2.1 Materials and chemicals used in the present work
Materials or chemicals

Formula

Purity

Source

Leady oxide

PbO and Pb

Battery grade

Lead oxide

PbO

99.9%

GNB Technologies
(Australia)
Guangzhou
Battery Co. (China)
Aldrich

Red lead

Pb30 4

99.9%

Aldrich

Sulfuric acid

H2S 0 4

98.0%

Aldrich

Lead nitride

Pb(N03)2

99.9%

Aldrich

Sodium carbonate

Na2C 0 3

99.9%

Aldrich

Acetic acid

CH3COOH

99.7%

Aldrich

Ammonia

n h 3 h 2o

28.3%

Aldrich

Sodium permanganate

KM n04

Nitric acid

hno3

70%(w/w)

Aldrich

Carbon fiber

c

—

GCM, China

Aldrich

Lead coated glass
fiber mesh

—

—

Polytetrafluoroethylene

T C F ^ - c f 2F

—
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2.2 EXPERIMENTAL PROCEDURES

The whole experimental procedure is illustrated in Figure 2.1, and each part of the
procedure will be described in the following subsections.

F ig u r e 2.1 S c h e m a tic d ia g ra m s o f e x p e rim e n ta l p ro ce d u res.
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2.3 PLATE PREPARATION AND TEST CELL CONSTRUCTION
2.3.1 Preparation of Nanocrystalline Lead Oxide
Two types of nanocrystalline lead oxide, a-PbO and p-PbO were synthesized. The
detailed methods will be described in Chapter 8.

2.3.2 Fabrication of Lead-Coated Glass Fiber Grid
The lead-coated glass fiber meshes were provided by Powertronic Corp., China. It is
prepared by applying a pure lead-coating and a Pb-1.5 wt.% Sn alloy coating onto
glass fibers under high compression. A lead coated glass fiber mesh was cut to the
required size to be used as a grid for the test cell. Before pasting, the mesh grid was
pre-treated in a sulfuric acid solution of 1.28 relative density at 1.30 V vs a
Hg/Hg2S04 reference electrode for a period of 2 hrs to produce an initial surface
oxide layer. This treatment is considered to be favorable for bonding the active
materials to the lead-coated grid.

2.3.3 Paste Preparation
The positive pastes were prepared by mixing a certain amount of powder with threequarters of the required water in a container. The sulfuric acid or hydrogen peroxide
solution was added to the powder at a slow rate under stirring and with good
dispersion over the paste. Finally, the remainder of the water was added to the
mixture. The paste density was measured.
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The negative plate with dimension of 40 x 50 x 1 .2 (height x width x thickness, in
mm) was obtained by disassemble the commercial batteries (Dong Ho Electric Co.
LTD, Korea)
2.3.4

Pasting

A hand pasting method was used to prepare the plates. The paste was applied by
hand with a broad plastic spatula. Paste was applied to both sides of the grids and
levelled with a flexible rubber paddle.

2.3.5

Plate Curing

Curing was conducted using a water bath. The plates were mounted vertically in a
stainless steel rack, placed in a glass container, and then put it into a water bath
where the temperature was controlled at 50°C with relative humidity > 95%. The
curing was conducted for 48 h. After curing, the plates were dried at 60°C for 24 h.

2.4 TEST CELL CONSTRUCTION
Two configurations of test cells were used. These are prismatic cells and spiral
wound cells.

2.4.1 Prismatic Cell
Each test cell was composed of one positive plate and two commercial negative
plates, separated by a microglass fibre separator (provided by AXOHM Industries,
France). The sandwiched test plates were inserted into the cell case, and two separate
polycarbonate-fixing (polymethylmetacrylate) blocks were added into each cell
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within the battery case to provide high plate compression. The H2SO4 electrolyte
(1.25 sp.gr.) was added, while and the total cell volumes were held constant, (plates,
separator and electrolyte). Then the cell was sealed, and a rubber valve was fixed to
each cell. The cross section of a prismatic cell is shown in Figure 2.2.

F ig u re 2 .2 S c h e m a tic d ia g ra m o f th e c o n fig u ra tio n o f a p r is m a tic cell.
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2.4.2 Spiral W ound Cell
For this configuration one positive plate was covered by an AGM separator sheet
(provided by AXOHM Industries, France), and one negative plate was placed on the
top of the separator layer. Then the sandwiched electrodes were wound tightly with a
home-made spiral-winding machine and inserted into the tube case under
compression. The open end of the ABS cell was sealed and a rubber valve was fixed.
Figure 2.3 shows the cross section of a spiral wound cell.

F ig u re 2.3 The sc h e m a tic co n fig u ra tio n o f a s p ira l w o u n d cell.

2. Top cap

I. Terminal
3 . Terminal

4. Positive current connector

seal

5. Positive plate

6 . Press

7. Rubber valve

8 . Negative

9. Negative plate

10. Separator (AGM type)

II. Case
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2.5 PLATE FORMATION
Two hours after filling with electrolyte, a constant current density of 25 mA.g' 1
(active mass) was applied to the cell (case formation).

The cell formation is

programmably controlled with 24 steps. For each step the current is applied for 1
hour followed 5 minutes rest.

The total input capacity was always kept at 600

mA.h.g’ 1 versus the positive active material (PAM), being 2.5 times the theoretical
values for converting PbO to Pb02.

2.6 CHARGE/DISCHARGE PROPERTIES
The test cells were cycled under computer-controlled charge and discharge regimens
using an Arbin Battery Testing System. The cells were cycled galvanostically at a
constant current density with a certain cut-off voltage.

The cycle tests were

performed at different discharge rates for the different electrodes test. The electrodes
that were examined charged at 0.2 C charge rate to 110% of the theoretical capacity.
The charge rate is that the current applied to a secondary battery to restore its
capacity.1 This rate is commonly expressed a multiple of the rated capacity of the
battery. For Example, the 0.2 C rate of a lOOOmAh battery is 200mA.

2.7 ELECTROCHEMICAL AC IMPEDANCE ANALYSIS

Impedance analysis2 was conducted using an EG&G PARC Model 6310
Electrochemical Impedance Analyzer manufactured by Princeton Applied Research.
The analyzer is equipped with Model 398 software. The whole system applies an ac
excitation to an electrochemical system, measures the response of the system to the
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excitation, and digitizes and stores the resulting data for processing and display. The
frequency of the ac excitation ranges from 50 jiHz to 100 kHz.
A three-electrode cell was used for the impedance measurement. A schematic of the
working electrode is shown in Figure 2.4. The reference electrode used was
Hg/Hg2S (V saturated K2SO4. The electrolyte was H2SO4 (1.25 rel. dens). The
electrode were immersed in the electrolyte under open-circuit potential for

1

hour

before starting an experiment.

holding and conducting bar
plastic cover

epoxy resin base

Figure 2.4. Schematic of working electrode

2.8 PHYSICAL AND CHEMICAL ANALYSIS
2.8.1 Free Lead and Lead Dioxide (P b02) Content Analysis
The free lead in the leady oxide was analysed using a gravimetric method . The
measurement is based on the following reaction:
(Pb + PbO) + 2 CH3COOH -> Pb (CH3COO)2 + H20 + Pb
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An excess amount of acetic acid CH3COOH was added to the powder containing Pb
and PbO with constant stirring. PbO reacts with acetic acid to form dissolvable Pb
(CH3COO)2. Then the solution with residues of Pb was filtered. The filter paper
with trapped Pb was heated at 110°C for 5 hrs, then put in a desiccator. After the
temperature dropped to room temperature, It was weighed and the mass of the free
lead was obtained.
The free lead content was calculated as following:
(Weight of filter paper + Weight of residue) - Weight of filter paper
= Weight of free lead

(Weight of free lead

(2-2)

Weight of sample) x 100% = Free lead %

(2-3)

A similar method was used to analyse the free lead in the paste. A mixture of acetic
acid solution and ammonia water was used to dissolve PbO and PbS04 in the paste.

The lead dioxide content was analysed using the titrimetric analysis method4. The
process is as follows.

(1) Add 0.15 g sample (formed paste) to 5 mL 1 % hydrogen peroxide solution,
which contains nitric acid (with the acid necessary to promote a rapid reaction), so
that the following reaction occurs:
P b02 + 2H + + H20 2 = Pb2+ + 2H20 + 0 2

(2-4)

(2) Titration of the unreacted H20 2 in the solution (mentioned in step 1) with 0.1N
standard KMnC>4 solution. The volume of the KMnC>4 (V2) used was recorded.
2M n04~ + 6H+ + 5H20 2 = 2Mn2+ + 8H20 + 5 0 2
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(3) Titration of 5 mL 0.1% H20 2 solution with the 0.1N standard KMn04 solution, so
that another volume of the KM n04 (Vj) used was obtained.

The Pb02 content was calculated as following:
P b02% =

(Fi ~V 2) N

x

1196x \ 00o /

1(X%

( 2 _(

’

Vi — volume of KM n04 used in step 3, mL;
V2 — volume of KM n04 used in step 2, mL;
N — equivalent concentration of KM n04;
Q — weight of sample, g;
119.6 — equivalent weight of Pb02;

2.8.2 Paste Density Measurement

This involved taking a hand-picked sample into a standard cup of specified volume,
carefully packing the sample into the cup so as not to change the density, raking the
top of the sample flush with the top of the cup, and weighing the cup and contents to
derive the density5.

2.8.3 X-Ray Diffraction
The synthesised materials and paste before and after formation were studied using a
Model PW1010 X-ray diffractometer ( Holland). The instrument is fully automated
and operates in conjunction with a comprehensive database (ICDD, US). The 20
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accuracy of the instrument is ±0.005 degree.

The system is interfaced with a

Sietronics XRD 122 and an advanced TRACE version 3.0 software designed for
graphical processing and manipulation of XRD traces, or scans ( provided by
Diffraction Technology Pty. Ltd ). The target material and filter were selected to be
Cu (Kai=1.54 A ) in the present work. The tube voltage and current were 40 kV and
25 mA respectively.
All paste samples removed from plates were ground before XRD measurement. The
grinding times were restricted to a minimum of 5 min to keep the conversion of (3 to
a lead dioxide to a minimum 6. Powders were placed on a standard glass-slide
sample holder.

2.8.4 Scanning Electron Microscopy (SEM)
Morphologies of the electrodes were examined using a Leica Model Stereoscan 440
(UK) scanning electron microscope. The instrument is fully automated and software
controlled (beam control, XYZ stage control, etc.). It is equipped with a secondary
electron detector and backscattered electron detector. At the highest magnification,
the resolution is in the nanometer range. SEM examinations were carried out at room
temperature under an accelerating voltage of 20 kV.
All samples were sputter coated with a thin layer of gold to reduce charging and
improve image quality.
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2.8.5 BET Surface Area Measurement
The BET (Brunauer-Emmet-Teler) surface area of synthesised powders and paste
before and after formation were measured by a NOVA 1000 high-speed gas sorption
analyzer (Quantachrome Corporation, USA).

Sample degassing, prior to

measurement, was carried out under vacuum at 120°C for 20 h.

2.8.6 Particle Median Diameter Measurement
Particle median diameters were measured with a particle size analyzer (Mastersizer
under computer control). The Mastersizer (MSS Molde, Malvern, UK) is equipped
with Mastersizer operating software.
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CHAPTER 3
LEAD COATED GLASS FIBER
COMPOSITE AS A GRID MATERIAL FOR
LEAD-ACID BATTERIES

3.1

INTRODUCTION

Conventional lead-acid batteries are relatively heavy, causing the battery have a low
specific energy. The heavy weight of the battery is a direct consequence of the use of
large amounts of lead in the electrode, both in the grid and in the active material.
The lead grid in a lead-acid battery has two functions: it is a collector for current
during charge and discharge reactions and it also serves to hold the active material1,2.
Most of the lead in a conventional electrode grid does not participate in battery
functions from an electrochemical point of view, but merely provides the strength
and stiffness required for the grid to survive its environment and manufacturing
stresses. Thus, a conventional grid has cross-sectional dimensions that are much
a

larger than are required for actually conducting electrode current .
To improve the energy density, a lighter grid has been proposed. Recently, a novel
processing route to producing lightweight grids by the electrodeposition of lead with
dispersed particles has been reported by G. Barkleit et al4. Their results show that the
new grid production process can be combined with a continuous plate production line
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in a similar way to expanded metal technology. They report that the new grid gives
increase in specific energy of more than 10% over conventional batteries.
Soria and his co-workers have developed another new grid material5, which provides
a lightweight metallised polymeric network structure with a high surface area. Their
main idea was to replace the heavy lead alloy grids with lightweight metallised
polymeric network structures that have reduced mesh dimensions in comparison to
conventional grids.
As the weight of the grid is reduced, the active material remains relatively constant,
so that the utilization of the active materials is increased on a per unit weight basis.
This increased utilization results in an increase in the specific energy of the battery.
It is well known that glass fibers have extremely high strength, highly desirable
flexing, and good acid-corrosion resistance characteristics as well as being
lightweight, which makes them of particular advantage for many applications
requiring reinforcing materials. Methods for applying metal coatings to a high tensile
strength glass fiber to form a composite, continuous wire were patented6, and this
technique has been applied for covering telegraph cables. However, the technique
has been further developed in recent years and applied successfully in the
manufacturing of lead acid batteries7.

The new technology presents clear

performance advantages when compared to traditional lead acid batteries: the use of
lightweight, fiberglass filaments yields a specific energy (energy per unit weight) as
much as twice that of most conventional lead-acid batteries8. In the meantime, leadcoated glass fiber materials have become commercially available, and different sizes
of such composite meshes can be obtained from corresponding battery material
manufacturers overseas.
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The work presented here is on the investigation of this new lead-coated glass fiber
material as a battery grid to replace conventional gravity-cast grids for ValveRegulated Lead Acid (VRLA) batteries.

3.2

EXPERIMENTAL

3.2.1 Corrosion Testing
The cross-section of a lead-coated glass fiber composite wire is given in Figure 3.1.
The central dark region in the cross section is the glass fiber and the surrounding area
is the lead coating. The deformation of the cross section of the composite wire was
produced by the sample preparation.

F ig u re 3.1 C ro ss-sectio n o f le a d c o a tin g g la s s f i b e r com p o site wire. The inside
b a r d ista n c e is 1 0 0 um.
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Because a comparatively thin layer of lead coating (about 250 Jim) is used for the
composite wire, its corrosion resistance is the property of the greatest concern for
battery grid applications.
An accelerated corrosion test was performed on pure lead coated and lead-tin-alloycoated (1.5 % tin) glass fiber wires, to determine which metal coating would be more
desirable in terms of corrosion resistance. Before testing, the mesh grid was cleaned
in sulfuric acid solution of 1.25 relative density. A basic three-electrode system with a
“multiple working electrode” was used. The counter electrode was a pure lead sheet
and the reference electrode was a Hg/Hg2SC>4 (K2SO4 saturated solution). Six leadcoated glass fiber wires and six lead-tin-alloy-coated (1.5 % tin) glass fiber wires
were cut in the same length, respectively, the weight of the wire was recorded before
the corrosion test. A thin, insulated, copper wire was welded, or bonded with the
silver glue, to one end of the wire to make good electrical contact. The contact part
was then sealed by epoxy resin or covered by wax for isolating it away from
contacting electrolyte. Figure 3.2 shows a picture of the set up of the “multiple
working electrode” test system.
The test was performed in a 1.28 sp. gr. H2SO4 solution under a constant anode
oxidation potential o f +1.30 V versus Hg/Hg2S04 for 5 days at 50 °C. This potential
is similar to the one applied on the positive plates of a VRLA battery under float
charging conditions. The constant anodic potential was provided by a potentiostat
(Model 362, EG & G Princeton Applied Research). A constant temperature was
maintained by a thermostat controlled water bath (JULABO, refrigerated, circulated
model F10-MH, Germany). The pure lead and lead-tin-alloy coated glass fiber wires
were cut into 15 cm length for the corrosion tests. The weight of each sample was
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recorded before and after the testing. After testing, specimens were extracted from
the test cell, washed free from acid and dried. The corrosion layer was dissolved in a
“stripping solution ”9 in an ultrasonic cleaner for 14 hour. The components of the
stripping solution are listed in table. The individual weight loss was then obtained.

+V

Mil t i pi e workl ng el ect rode
(I ead-coati ng w re)
( H3/ K32SD )

i f

(Inference el ect rode)

Account el ect rode (pure I ead)

HSQ sol ut i on
beaker

F ig u re 3.2 S c h em a tic o f the

T able 3.1

m u ltip le w o rk in g electrode ” te st system .

The components of the stripping solution
Solution chemicals

Amount

Hydrazine Dihydrochloride (g)

100

Ammonium acetate (g)

150

Glacial acetic acid (g)

40

H20(1)

1
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3.2.2 Grid Preparation
Gravity-cast grids made by conventional methods with dimensions of 40mm x 40mm
x 1.0 mm were obtained from an overseas battery manufacturer (Shenyang Battery
Co, China). The metal-coated composite grids were prepared by applying a pure
lead-coating and a Pb-1.5 wt.% Sn alloy coating to glass fiber meshes provided by
Powertronic Corp., China. The lead-coating on the glass fibre (bundles of fibres) was
made by a high compress under a temperature below the melting point of lead. The
lead coating made by the “cold compress method ” presented a different
microstructure to the “cast method” conventional used. The diameter of the bundle
of fibres is about 0.3mm, which, depending on the usage consists of a few hundreds
of individual fine glass threads. The diameter of the composite wires in the mesh is
1.0 mm.
The Pb-2wt.%Sn alloy coated onto the glass fibre was provided by the manufacturer
using the same manufacturing processing as with the pure lead coating. The diameter
of the lead-coated glass fibre wires was controlled to 1.0 mm by compressing lead
through the purpose-designed lip of the mould.
Pb-Sn alloy connecting bars were cast onto the mesh to serve as current connectors
and form the two end supports for the grid. A specially designed casting mode was
used to realize this process. A lead-coated glass fiber grid is shown in Figure 3.3.

The weights of the lead-coated glass fiber grid and of the conventional cast grid are
listed in Table 3.2. With the same dimensions, the weight of the composite grid is
only about 70 % of that of the conventional cast grid. In addition, the composite grid
is flexible, non-self-supporting and non-reinforce structure.
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F ig u re 3.3 P h o to g ra p h o f a lea d -co a ted g la ss fib e r grid.
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Table 3.2 The properties o f a lead-coated glass fiber grid compared with a cast
grid.

Sample

Grid type

Mesh size
(mm)

Grid size
(mm)

Grid weight
(g)

1

Conventional cast grid

10x 5

40x 40x1.5

12.5

2

Lead -coated glass fiber grid

5x3

40x 40x1

9.19

3.2.3 Positive Plate Preparation
Two groups of test plates were prepared with two different types of grids. For group
one, plates were prepared with the conventional gravity-cast grids. The plates of
group one were used as control plates in the experiment. For group two, plates were
made with the pure lead-coated glass fiber grids.

The positive paste was prepared by mixing leady oxide (supplied by GNB
Technology, Australia) with water and sulfuric acid (1.40 sp.gr.).

The apparent

density of the paste was 4.0-4.2 g cm'3. The paste was then manually applied onto
the grids via a plastic scraper. The thickness of all plates was controlled to 2.0 mm.
The weights of pastes are 8.5 g and 10 g for the plates with cast grid and glass fiber
grid respectively.

After pasting, the plates were cured at 50 °C and a relative

humidity over 95% for 48 hours in an auto-controlled water bath and then dried at 60
0C for 24 hours in flowing air in an oven.

82

CHAPTER 3 LEAD-COATED GLASS FIBER MESH AS THE GRID FOR
________________ ________ LEAD-ACID BATTERIES

A photograph of a pasted plate prepared with the composite mesh grid, then cured
and dried appears Figure 3 .4 .

F ig u re 3 .4 P h o to g ra p h o f the p a s te d p la te p r e p a r e d w ith the lea d -co a ted
c o m p o site grid.

3.2.4 Battery Assembly and Testing
Each positive plate was sandwiched between two negative plates with a microglass
fibre separator inserted between them. The sandwiched electrodes were inserted into
a battery case. Two separate polycarbonate fixing sheets were placed in each cell
within the battery case to provide plate compression for the sandwiched electrodes.
The H2 SO4 (1.28 rel. dens.) electrolyte was added and the cell volumes were held
constant (plates, separators and electrolyte). Following the standard battery assembly
processes, the cells were sealed and a rubber valve was fixed to each cell. After a 2
hr of soaking period in the H2SO4 electrolyte, the cell formation was conducted with
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a constant current density of 25 mAg' 1 for a total of 24 steps, with each step
consisting of a 1-hr charge and 10-min rest. After formation, the reserve capacity of
each test cell was recorded at varies constant discharge current to a cut-off voltage of
1.7 V/cell, and then the effects of different discharge rates and temperatures on the
test cells were analyzed. During charging, the constant current of 120mA/g was
maintained until the cell voltage reached 2.45 V, and then charging was held at this
voltage until 110 % of the theoretical positive capacity was reached.

3.2.5 Sample Preparation for SEM
Two mesh wires were cut from lead-coated glass fiber mesh and lead-tin (1.5% Sn)
alloy-coated glass fiber mesh, respectively, after corrosion testing. The sample wires
were mounted with epoxy resin and then ground and polished. Then the samples
were sputter coated with a thin layer of gold before SEM analysis.

3.3

RESULTS AND DISCUSSION

3.3.1 Results of Corrosion Testing
The purpose of the test is to simulate the behaviour of the metal coated composite
mesh under battery floating charge conditions and compare the corrosion resistance
of the pure lead coating with the lead-tin alloy coating. The manufacturing process
for coating the pure lead on the glass fiber is based on a “co-extrusion process” 8.
This process applies a high compression and low temperature (below the melting
point of pure lead) for coating a pure lead layer on a continuous filament of glass
fiber. This results in a fine and compact grain structure in the lead coating and, more
importantly, the microstructure of this coating is highly resistant to corrosion.
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Figure 3.5 and Table 3.3 ive the corrosion morphologies and results after the
accelerated corrosion test on the pure lead and the lead-tin alloy coatings,
respectively. Six lead-coated glass fiber wires and six lead-tin-alloy-coated (1.5 %
tin) glass fiber wires were tested, respectively, to get average values for the corrosion
tests. These results proved that the corrosion resistance of the lead-tin alloy coating
is lower than that of the pure lead coating. The inferior corrosion-resistance of the
lead-tin alloy coating could be attributed to the co-extrusion process used by the
manufacturer, because the compression and temperature were chosen for coating pure
lead on glass fiber so that the processing conditions with would be not suitable for
coating with the lead-tin alloy. The temperature inside the compression cylinder
holding the coating metal was miantained at atemperature below the melting point of
pure lead, around 310 °C, however, this temperature would be higher than the
melting point of the lead-tin alloy. The cold compression co-extrusion process may
make the surface of the coating layer tin rich. Therefore, there is an unexpected
increase in the corrosion rate. From the accelerated corrosion test, it was recognized
that the lead-tin alloy coating provided by the manufacturer is not suitable for used as
the coating layer. At the very least, a modification of the co-extrusion process for
coating with lead-tin alloy is required for improving the corrosion resistance before it
can be used. However, this task is beyond the current research work and will not be
discussed in the thesis. This task has been given to the metal coating composite
mesh manufacturer for their consideration. In the following chapters, only the pure
lead-coated glass fiber mesh was used.
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Table 3.3Results o f the accelerated corrosion test

Sample

Weight loss (%)

Pure lead coated glass fiber grid

10.4%

Lead-tin alloy coated glass fiber grid

13.5%

( 1)

(2 )

Figure 3.5 Corrosion morphology o f (1) pure lead-coated glass fiber grid;
(2) lead-tin (1.5 wt% Sn) alloy-coated glass fiber grid. The inside
bar distance is 100 um.
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3.3.2 Cell performance
In order to compare the effects of the lead-coated glass fiber grid and the gravity-cast
grid on the electrochemical performance, test cells with the two types of grids were
fabricated under the identical conditions described above. Cell tests were performed
at room temperature under variable rates of discharge. The discharge rate calculated
at per gram of active mass. The test results were calculated in terms of the active
material utilization and are given in Figure 3.6.

These results show that plates prepared with lead-coated glass fiber grids had a
higher active material utilization than conventional plates with gravity cast grids
under all the different rates of discharge. With the high mechanical strength and high
corrosion resistance composite mesh grid, a comparatively thinner plate can be
produced; therefore, a higher active material utilization can be achieved. This is one
of the advantages of using the composite mesh grids in lead acid batteries.

The increased material utilization could also be attributed to the decrease in the mesh
size of the lead-coated glass fiber grid compared with the gravity cast grid. The
influence of the grid geometry on the active mass utilization follows a well-known
pattern: the smaller the mesh size, the higher the active mass utilization. On the
other hand, when the mesh size of a conventional gravity-cast grid is reduced, the
weight of the grid will be markedly increased. It is possible to use a reduced mesh
size for the lead-coated glass fiber mesh grid, while still maintaining a comparatively
low grid weight.
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Figure 3.6 Positive active material utilization for a cells with a composite mesh grid
and a cell with a conventional gravity cast grid under different discharge
rates at 25°C.

88

CHAPTER 3 LEAD-COATED GLASS FIBER MESH AS THE GRID FOR
LEAD-ACID BATTERIES

Temperature effects on the battery performance are also of concern for many
applications, especially at low temperatures. In this study, two types of cells were
tested at various temperatures under different rates of discharge.

The influence of

the temperature on the discharge capacity (in terms of positive material utilization)
under different rates of discharge is given by Figures 3.7 to Figure 3.10.

These results show that the material utilization was increased as the temperature
increased for both types of plates. The cells with the lead-coated glass fiber grids
present a higher positive active material utilization than cells with the conventional
plates under different discharge rates at various temperatures. This tendency is more
pronounced under higher discharge rates.

Figure 3.11 shows the increased percentage of positive active material utilization for
the lead-coated glass fiber plate versus the plates with conventional gravity cast grids.
The increase in the positive material utilization for both types of plate is at a similar
level at -15 °C for all the given discharge rates. However, at temperatures of 0 °C and
25 °C, higher discharge rates (lOOmAh/g and 200mAh/g) will increase the material
utilization. The highest relative material utilization, a 50% increase, for a lead-coated
glass fiber type plate versus the conventional plates was observed under the
conditions of a discharge rate of 200mAg’1 at 25 °C. These results prove that under a
high rate of discharge and low temperature, the composite mesh grids would be more
desirable than using the conventional gravity-cast grids.
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3.7 Active material utilization o f cells with composite grids and conventional

Positive active material utilization (%)

gravity-cast grids at a discharge rate of 20 mAg'1.

Figure 3.8 Active material utilization o f cells with composite grids and conventional
gravity-cast grids at discharge rate o f 50 m A g1.
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Figure 3.9 Active material utilization of cells with composite grids and conventional
gravity-cast grids at a discharge rate of 100 mA g-1.

Figure 3.10 Active material utilization o f cells with composite grids and
conventional gravity-cast grids at a discharge rate of
200 mAg-1.
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Figure 3.11 Percent increase in material utilization o f lead coated glass fiber plates
over conventional plates fo r four different discharge rates.

3.3.3 Cycle life

The results of cycle life testing are presented in Figure 3.12. These results indicate
that lead coated glass fiber grids can be used to replace the conventional gravity cast
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grids without any deleterious effects on the cycle life, while providing other
beneficial properties. Additional test results on the cycle life for on the prototype
cells with the composite grid will be presented in the succeeding Chapters.

Figure 3.12 Discharge capacity vs. cycle number for a cell with a composite grid and
a cell with a conventional gravity cast grid. Discharge rate: 50mAg1.

3.4

SUMMARY

A lead coated glass fiber mesh has been tested as a grid material for lead-acid
batteries. The composite grid is characterized by the desired properties of thinness,
light

weight,

strength,

flexibility,

structure
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conductivity, and it may be formed into various configurations. The active material
utilization is improved for cells using lead-coated glass fiber. The results show that,
under different discharge rates and temperatures, plates made of the composite grid
outperform conventional plates. Other test results also support using the composite
grid to replace the conventional gravity cast grid without of any deleterious effectson
the cycle life.
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CHAPTER 4
DEVELOPMENT OF A NOVEL HYDROGEN
PEROXIDE BASED PASTE FOR A NON-CURING
PLATE MAKING PROCESS

4.1

INTRODUCTION

The plates are of the most important components for any lead/acid battery. A plate
consists of two major parts: the lead alloy grid and the paste coating. The paste plays
a very important role in determining the performance of the final product as well as
the outcome of the production processes1, 2’ 3. It is well known that the type and the
quality of the paste used can affect the quality of the plate curing (in terms of
chemical composition, mechanical strength and crystalline and porous structure
formation) and formation (in terms of electrochemical characteristics, effectiveness
of active material formation, and physical properties such as mechanical strength and
adhesion of the paste to the grid)4,5’ 6’ 7>8’ 9’ 10. Leady oxide is the raw material used
for the preparation of the paste. This material is a mixture of 70 to 80 wt.% lead
monoxide and 20 to 30 wt.% lead particles (free lead)12,13. Conventionally, the paste
is formed by mixing water and sulfuric acid with leady powder and small quantities
of various additive materials. The metallic lead content has to be reduced to 5% or
less after the curing process. A high free lead content (>5%) in the paste after curing
may result in swelling, warping and/or extensive sludge formation during the
formation of the positive plates14.

Though the paste material used is generally
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satisfactory for current manufacturing processes there are still many aspects which
can be improved. For example, using this type of paste in a battery production line
involves curing/drying processes. The temperature, humidity and other conditions
have to be carefully controlled during these processes. In addition, these processes
are time consuming (requiring 24 hrs to 48 hrs), require considerable space and
energy, and hence, increase product cost. Furthermore, the plates produced by such a
process are rather rigid and stiff, thus suitable only for the conventional flat-plate
battery configuration but not suitable for other types of batteries, which require
flexible plates15.

In this chapter, a novel paste preparation/formation method is described. It employs
hydrogen peroxide to replace the currently used sulfuric acid.

The physical,

chemical, compositional, structural and morphological properties of the resultant
paste were systematically investigated. The feasibility of applying this new paste
preparation/formation method to

directly assembling batteries without the

conventional curing process is demonstrated. The performance characteristics of the
batteries was evaluated by comparison with batteries constructed using conventional
H2SO4 based

4.2

4.2.1

EXPERIMENTAL

Preparation of Pastes and Plates

(1) Positive Plate
Hydrogen peroxide based pastes were prepared by mixing 50g leady oxide (with
22.5% free lead, provided by Equal Shine Industry, Hong Kong) with 5.5 ml of
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hydrogen peroxide solution in varying concentrations (2, 5, 8, and 11% V/V) and 5
ml distilled water. The procedure involved placing the required amount of leady
oxide in a container and adding about three-quarters of the required water as quickly
as possible (< 2 min). The hydrogen peroxide solution was then introduced at a slow
rate (over a period of 20 min) and with good dispersion over the paste. Finally, the
remainder of the water was added to the mix, and agitation was continued for about 5
min. before measurement of the paste density. During this period, constant stirring
was applied.

The conventional H2SO4 based paste was prepared by mixing 50g leady oxide (as
discussed above) with 5 ml sulfuric acid (1.40 sp.gr.) and 6.5 ml distilled water. The
procedures are as the same as the method used for hydrogen peroxide based paste
preparation. The paste formulae for the positive plates are listed in Table 4.1.

(2) Negative Plate

One H2O2- based negative plate and a conventional F^SO^based negative plate were
prepared following the same procedures as for the positive plate. The formulae are
listed in Table 4.2.
The paste densities were adjusted to about 4.0 g cm'3 by controlling the water content
in the paste16. A lead coated glass fiber grid with a size of 40x40 (mm2) was used for
the test cell. All plates used in this study were pasted manually and have a thickness
of 1.2 mm.

Free lead in the lead dust and in the pastes was analysed with a

gravimetric method.
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After pasting, the conventional H2S 0 4 based plate was cured at 50 °C at a relative
humidity of about 95% for 48 hours in an auto-controlled water bath and then dried
at 60 °C for 24 hours.

Table 4.1 Paste formulae o f the positive plates

Sample
Component
H2SO4 based
plate

H2O2 based plate

Leady oxide (PbO -70%) (g)

50

50

50

50

50

Fibre (g)

0.1

0.1

0.1

0.1

0.1

PTFE (g)

1.6

1.6

1.6

1.6

1.6

H2SO4 (1.4 sp.gr.) (cm3)

5.0

—

—

—

—

—

—

—

—

—

H20 2 (2 Vol. %)

—

H20 2 (5 Vol. %)

—

—

H20 2 (8 Vol. %)

—

—

—

5.5

H20 2 (11 Vol.%)

—

—

—

—

5.5

5.5

5.5

H20 (cm3)

6.5

5.0

5.0

5.0

5.0

Paste density (g/cm3)

4.0

4.0

4.0

4.0

4.0
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Table 4.2 Paste formulae o f the negative plates
Component

H2SO4 basted plate

H2O2 based palte

Leady oxide (PbO -70%) (g)

50

50

Fiber (g)

0.1

0.1

PTFE(g)

1.6

1.6

H2S 0 4 (1.4 sp.gr.) (cm3)

5.0

H20 2 (5 Vol. %) (cm3)

—

5.5

H20 (cm3)

6.5

5.0

Paste density (g/cm3)Leady

3.8

3.8

4.2.2

Free Lead and Lead Dioxide Content Analysis

The free lead contents of the leady oxide and pastes were analysed using gravimetric
method. The Pb02 content of the formed pastes was analysed using a titrimetric
method The plates were removed after different formation stage. After the plates
were washed and dried, the paste was ground and weighed for titration. The detailed
analysis methods are described in section 2.8.1 .

99

CHAPTER 4 DEVELOPMENT OF A NOVEL HYDROGEN PEROXIDE BASED PASTE FOR A
NON-CURING PLATE MAKING PROCESS

4.2.3

XRD, SEM and BET Analysis

Before and after cell formation, the cured and non-cured pastes were subjected to Xray diffraction for phase-analysis identification. The morphology of the plates was
examined with a scanning electron microscope.

The BET surface area was also

measured. The equipment used is described in Chapter 2.

4.2.4

Formation

Two different formation programs were used:
(1) Constant current formation
The current density was 25 mA/g (based on active material), for 24 h.
(2) Step formation
The current density was 25 mA/g (based on active material), and the cell formation
time was 1 hour, followed by a 5 minute rest, for a total of 24 steps (hours).
The input capacity for formation was 600 mA.h.g'1.

4.2.5

Discharge Properties

After cell formation, the cells were discharged at a current density of 35 mA.g'1, and
the time for the terminal voltage to fall to 1.70 V was determined. The product of
the current and the time yields the discharge capacity. The battery was returned to
full charge.
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4.3

RESULTS AND DISCUSSION

4.3.1

Preparation of Pastes and Plates

The paste mixing process is not a simple physical mixing process. This process
involves a multiple series of chemical reactions.

The traditional paste mixing process with H2S 04 involves the following reactions 16
When water is added:
PbO + H20 -> Pb(OH)2

(4.1)

When H2SO4 is added:
Pb(OH)2 + H2S 0 4 -> PbS04 + 2H20

(4.2)

As the mixing process continues, the further reactions take place:
P bS04 + PbO

PbO•PbS04

(4.3a)

PbO»PbS04+ 2PbO + H20 -> 3 P b03*PbS04*H20

(4.3b)

A small fraction of the free lead reacts with 0 2 from air during the mixing process:
2Pb + 0 2 —>2PbO

(4.3c)

After the paste mixing, the free lead content in the paste is still much higher than 5%.
The free lead content is reduced during the curing/drying processes. Under suitable
humidity and temperature conditions, the free lead in the paste reacts with 0 2 from
air:
2Pb + 0 2 —>2PbO

(4-4)
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The curing/drying process also involves the recrystallization of the paste phases.
Because of physical/chemical reactions, recrystallization and water loss, the
microporous structure is formed during this process17.
The following reactions may occur in the hydrogen peroxide based paste-mixing
processes:
PbO + H20 ->Pb(OH)2

(4.5)

P b + H 20 2 ->PbO + H20

(4.6)

Hydrogen peroxide solution is a strong oxidant. When leady oxide is mixed with
H2O2 solution, the free lead is oxidised to monoxide during the paste mixing
processes.

4.3.2

Free Lead Content and Surface Area

The free lead contents in the pastes are listed in Table 4.3. The results showed that
for the cured conventional H2SO4 based paste, the free lead content was 2.5% (w/w).
It was found that the free lead and the a-PbO contents of all the hydrogen peroxide
based paste plates were higher than that of the cured conventional H2SO4 based paste
plate. The free lead content of the non-cured hydrogen peroxide pastes decreased as
the concentration of H2O2 increased. Except for the case of 2% H2O2, the free lead
contents for all other concentration were below 5% (w/w). These results indicate
that 5% hydrogen peroxide solution is sufficient to keep the free lead content in the
paste at an acceptable level (i.e, free lead content <5 wt.%, as required by the
formation process). This suggests that hydrogen peroxide is capable of converting
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the free lead into lead oxide (see Equ.4.6) during the paste mixing without the need
for a curing process.

The BET specific surface areas of the pastes, before and after formation, were
analysed and are also included in Table 4.3.

The specific surface area of the

conventional H2S 04-based paste is slightly higher than that of the H20 2-based pastes.

Table 4.3 Physical properties o f the pastes
Sample

H2S 0 4-based paste
(after curing)
H20 2-based paste
2%
5%
8%
11%

4.3.3

Free lead
(%>

Specific surface area
(BET, mV)
Before formation
After formation

2.5%

1.25

4.2

5.4
4.1
4.0
3.8.

1.06
1.10
1.05
1.08

3.12
3.36
3.26
3.43

XRD Analysis of the Paste Phase Composition

The phase changes of the positive plates before and after formation were examined
by XRD. Figures 4.1 and 4.2 show the X-ray patterns of non-cured H20 2 based
pastes and conventional cured H2S 04 based paste before and after formation,
respectively. It can be seen that before formation, the cured conventional H2S04
based plate contained a-PbO and tribasic lead sulfate (3PbO PbS04H20 = 3BS) and
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these were converted mainly into p-Pb02 with a small fraction of a-Pb02 remaining
after formation.

However the new H20 2 based plates contained mainly a-PbO

before formation, and this was converted into a-P b02 and p-Pb02 after formation.
All the pastes should normally contain of a small amount of free lead and Pb(OH)2
phase (see Eq. 4.5), but these phases did not appear in the X-ray patterns. This is due
to the fact that the amount of free lead and Pb(OH)2 phases are too small to be
detected using the X-ray diffraction method.

Table 4.4 shows the phase compositions of pastes before formation. The free lead
contents of both the cured conventional H2SC>4 based paste and the new H20 2 based
non-cured plates were all less than 5wt %, except for the paste with 2%H20 2. To
reduce the free lead content to less than 5wt% is generally an acceptable criteria
during manufacturing 14. This has to be done by the curing/drying process if the
conventional H2SC>4 solution is used. However, this study has shown that using H20 2
solution to replace H2S04 could elimination the time-consuming curing/drying
process. Further work on H20 2 based plates has shown that as the H20 2 concentration
increases, there is a decreasing trend for the free lead content. It is not surprising that
the hydrogen peroxide based paste plates contained no 3BS phase, while 21.1% 3BS
phase was found in the H2S04 based plate.
The phase compositions of pastes after formation are given in Table 4.5. A marked
difference between the plates prepared using the two different types of pastes was in
the content ratio of (3-Pb02 to oc-Pb02. With the conventional paste plate, this ratio
was approximately 13.3, while with the H20 2 based paste plates the ratio was less
than 1.5. This phenomenon is attributed to the fact that the a-P b02 is formed in a

104

CHAPTER 4 DEVELOPMENT OF A NOVEL HYDROGEN PEROXIDE BASED PASTE FOR A
NON-CURING PLATE MAKING PROCESS

more alkaline environment, while P-Pb02 is formed in an acidic environment. By
using H20 2 to mix the paste, a more alkaline environment is provided than when
using FI2S 0 4.17. Both the a-PbO and the PbS04 contents in the conventional paste
plate were lower than those of the H20 2 based paste plates. It was found that the
total P b02 contents of the two types of plate were approximately 70% indicating that
effective formation was achieved for both types.

o

O

Figure 4.1 X-ray diffraction patterns o f the pastes before formation.
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Figure 4.2 X-ray diffraction patterns o f the pastes after formation.
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Table 4.4 Composition o f the plates before formation
Composition (wt.%)

Sample
Pb

3BS

a-PbO

other

h 2s o 4
based paste

2.5

21.1

71.0

5.4

h 2o 2
based paste
2%
5%
8%
10%

5.4
4.1
4.0
3.8.

85.6
86.9
86.2
87.1

9.0
9.0
9.8
9.1

—
__

-

Table 4.5 Composition o f the plates after formation
Composition (wt.%)

Sample

h 2s o 4
based paste

a-Pb02

P-Pb02

a-PbO

PbS04

other

5.3

70.3

10.7

10.5

3.2

32.1
30.1
29.6
33.4

35.3
42.9
39.5
37.4

15.9
15.0
13.8
12.1

13.3
12.0
12.3
12.67

3.59
5.14
4.90
5.15

h 2o 2

based paste
2%
5%
8%
11%
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4.3.4

Morphology of the Formed Paste

The SEM images of the H^CE-based pastes at the four concentrations are similar
before and after formation. The images of the EESCVbased paste and the H2O2based paste prepared from 5% hydrogen peroxide solution after formation are given
in Figure 4.3. The non-cured plate is prone to form spherical agglomerates, and the
morphology appears denser than that of the cured plate.

The different crystal

morphology between the two plate types shown in Figure 4.2 can be explained by the
different phase transformation mechanisms during the plate formation. The noncured plate, which may be formatted from its original state, mainly from PbO —>
Pb+2 -> Pb02, without going through the phase transfer of PbO —> 3BS —> Pb02.
This could involve a lesser volume change during the formation and subsequent
charge/discharge cycling.

( 1)
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(2)

Figure 4.3

4.3.5

SEM images o f the plates after formation. (1) H2S 0 4-based plate; (2)
H20 2-based plate.

Plate Soaking and Formation

Before formation, the plates were soaked in the electrolyte (H2SO4) for 2 hours.

The conventional paste mainly consists of 3 PbO PbSO ^FkO (3BS) and PbO before
soaking. 3BS and PbO are both converted into PbS0 4 during the soaking process:
3Pb0*PbS04*H20
PbO*PbS04 + i t
PbO

+

+

+

I t +HS04 -> 2Pb0*PbS04+ 2H20

H SO i -> 2PbS04 +2H20

H2S 0 4 -> P bS04 + H20

(4 .7 )

(4.8)
(4.9)As

the composition of the hydrogen peroxide based paste before soaking is different
from that of the conventional paste, and chemical reactions that occur for this type of
paste during soaking may be described by following equations:

Pb(OH)2 + H2SO4 -> P bS04 + 2H20
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PbO + H2S 0 4 -> P bS04 + H20

(4.11)

After soaking, both types of paste mainly consist of PbS04 and PbO.

The PbS04

and PbO are converted to Pb02 at the positive electrode during formation:
PbS04 +2H20 -> Pb02 + H2S 0 4 + 2H+ + 2e

(4.12)

PbO + H20 -» P b02 + 2H+ + 2e

(4.13)

Figure 4.4 shows the voltage curves of typical battery formation for the cured plate
and the non-cured H20 2-based plate prepared with 5% hydrogen peroxide solution
formation. The formation voltage is lower for the cured plate than for the non-cured
one. This indicates that the formation efficiency of the cured plate is higher than that
of non-cured H20 2-basted paste. The “ formation efficiency ” is terminology in the
lead-acid battery field.

It is used for comparison of whether different plates are

formed “fast” or “slow” under the same formation conditions. If the plate quickly
reaches the end of formation, then the formation efficiency of this plate is higher.

That the formation efficiency of cured plates is higher than for non-cured ones may
be because cured plates have a higher BET surface area than the non-cured plates
(see Table 4.3). Under the conventional curing/drying treatment, the plate presents a
more porous structure, as can be seen from SEM images (Figure 4.3). Materials with
porous structure and higher surface areas are favourable to fast formation.

In

comparison with cured plates, non-cured plates have a less porous structure and
smaller surface areas, therefore, a lower formation efficiency is observed.
The voltage curve crosses over the control curve at a formation time of about 18
hours. The reason for the crossing may be that the cured plate is better formed at this
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stage and a large proportion of the current supports gassing, which occurs at a higher
voltage.

Temperature curves for the two types of batteries during formation are

shown in Figure 4.5. The temperature of the cell with the non-cured plate is higher
than for the cured plate. The higher temperature for the H20 2 based plate during
formation may be explained by the following two reasons:

(1) the higher content of PbO and Pb(OH)2 in the paste before formation. These
compounds are bases and react with H2S0 4 . Since these reactions are exothermic,
they therefore release more heat.

(2) the fact that more energy is dissipated as heat for the non-cured cell during the
formation, giving further confirmation to the conclusion of lower formation
efficiency for the non-cured plate.

Figure 4.4

Cell voltage profiles o f a conventional cured plate and a non-cured

plate during formation.
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T im e (h )

Figure 4.5

Cell temperature profiles o f a conventional cured plate and a noncured plate during formation.

In order to confirm the above conclusion that the formation efficiency of a cured
plate is higher than that of a non-cured one, an experiment was conducted in which
the formation of the cured and non-cured plates was interrupted at given settings of
input capacity. The Pb02 content in the formed pastes was analysed, and the reserve
capacity was also tested for the plates at different stages of formation. The results
are summarized in Table 4.5. The non-cured E^Ch-based plate shows lower PbCb,
and a lower reserve capacity at all stages of formation.

The PbCb contents and

reserve capacity at the each stage represent the formation efficiency, implying that
the formation efficiency of the non-cured plate is slightly lower than for the cured
plate.
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Table 4.5

Effect o f input capacity on formation efficiency
Cured Plate

Non-cured Plate (5% )

Formation time
(h)

Pb02 (%)

Utilization (%)

Pb02 (%)

Utilization (%)

9

37.1

28.3

35.5

26.9

14

41.3

32.9

38.2

31.1

18

51.5

36.5

51.3

35.5

21

71.8

38.1

68.9

35.8

24

72.9

39.3

68.9

37.9

4.3.6

Performance Characteristics of Non-Cured H2 O2 Based Paste Plates

4.3.6.1

Discharge Capacities of Positive Plates

Figure 4.6 shows the discharge capacity versus the cycle number for the cells made
from conventional cured and non-cured plates. The plates were formed using the
step formation program. It can be seen that the initial discharge capacities of the
non-cured H2O2 based plates are all lower than that of the cured H2SO4 based plate.
The lower initial capacity may be attributed to the lower formation efficiency of the
non-cured plate. After 15 cycles, the discharge capacity of H2O2 based plates with
5% and 8% concentrations increased to a on the similar level to that of the cured
plate.
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Figure 4.6

Discharge capacity vs. cycle number fo r the cured plate and the
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4.3.6.2 The Effect of Formation Methods on Discharge Capacity
The discharge capacities of the non-cured plate (5%) formed with two different
programs are shown in Figure 4.7. The plate formed using step formation shows the
higher initial capacity than the plate formed using constant current formation, but
after 27 cycles, the discharge capacities of the non-cured plates formed with two
programs are at a similar level. This may be because the step formation is
programmably controlled with 24 steps. For each step the current is applied for 1
hour followed by 5 minutes rest.

This is beneficial to ion diffusion and de

polarization of the electrode. The reactivity of the electrode with the electrolyte is
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higher for the sample using the step formation method. The formation efficiency of
the sample with step formation is higher than for the constant formation sample.
Therefore the initial capacity of the sample with step formation is higher than for the
sample using constant formation method. After about 27 cycles, a similar percentage
of PbO in each electrode was converted to PbCb, so the contents of PbC>2 for the two
samples should be at a similar level, and the values of the capacities also become
similar.
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D is c h a r g e c a p a c ity vs. c yc le n u m b e r f o r th e sa m p les c re a te d u sin g

d iffe r e n t fo r m a tio n m ethods.
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4.3.6.3 Discharge Capacity of Negative Plates

The discharge capacities of negative plates vs. cycle number are shown in Figure 8.
The results also indicated that H20 2- based negative plates can be formed directly
without undergoing curing process, but the discharge capacity is slightly lower than
for the cured plate. This is may attributed to a lower formation efficiency for the
plate prepared using hydrogen peroxide.

F ig u r e 4 .8

D is c h a r g e c a p a c ity vs. c ycle n u m b e r f o r the n e g a tiv e p la te s p r e p a r e d
w ith H 20 2-b a s te d p a s te a n d H 2S 0 4- b a ste d p a ste.
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4.3.6.4 Characterization of Non-Cured H202-Based Paste in a Spiral-Wound
Cell

A conventional lead-acid battery plate is rigid and stiff after curing and drying, so
that the plate is not suitable for the fabrication of spiral wound cells. In this work,
the new E^C^-based pastes for the positive and negative plates were studied with a
view towards their suitability for such cell. The results show that both positive and
negative plates can be formed directly after pasting. Based on the previous test
results, a spiral wound test cell with a nominal 10 Ah capacity was fabricated using
non-cured H202-based positive and negative electrodes with a lead-coated glass fiber
grid. Figure 4.9 shows the discharge capacity vs cycle number. The results indicate
that the initial capacity is lower, but it gradually increases. The capacity reaches a
maximum at 70 cycles, then declines after 200 cycles.

F ig u r e 4 .9

D is c h a r g e c a p a city vs. cyc le n u m b e rs o f s p ir a l w o u n d c e ll fa b r ic a te d
u sin g n o n -c u r e d p o s itiv e a n d n e g a tiv e elec tro d es

117

CHAPTER 4 DEVELOPMENT OF A NOVEL HYDROGEN PEROXIDE BASED PASTE FOR A
NON-CURING PLATE MAKING PROCESS

4.4

SUMMARY

1. Non-cured H202-based pastes plate can be formed as adequately as conventional
cured plates under the same process, but the capacity is slightly lower than that of
the conventional cured plate.

2. The use of hydrogen peroxide solution to replace the conventional sulphuric acid
solution can convert free lead to lead oxide during paste mixing, so that the
curing process can be eliminated. This technique can greatly simplify the
manufacturing process, reducing production time and cost.

3. This technique provides the plate with sufficient flexibility for the fabrication of
non-flat plate construction batteries,

such as the spirally wound cell

configuration, which presents some advantages over the conventional flat
electrode configuration.
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CHAPTER 5
BENEFICIAL EFFECTS OF RED LEAD
ADDITION ON NON-CURED PLATES

5.1

INTRODUCTION

Red lead, PbsC^, was used as one of the major raw materials in the early lead battery
manufacturing processes.

This situation remained unchanged until the new lead

powder making processes (Barton-pot and Ball-mill) became available. Since then,
the “leady” oxide produced by Barton-pot or Ball-mill processes has been used to
replace red lead for lead acid battery production. This replacement was mainly due
to the high production cost of the red lead powder1.

However, it should be

mentioned that even after the “leady” oxide dominated battery production, it was still
common to use red lead as an additive in tubular type positive plates to improve the
formation efficiency and deep-cycle performance. Recently, the use of red lead in
lead acid battery production has once again drawn considerable attention due to its
beneficial effects on battery performance, especially for VRLA batteries ’ .

The formation process is the one of the important processes in conventional lead-acid
battery production. This process is a time consuming and low efficiency process
mainly due to the poor conductivity of the paste materials in the plate such as lead
sulphate, lead monoxide and basic lead sulphates.
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The Red lead consists of 2 PbO and 1 Pb02. Two different oxidation states of lead,
Pb(II) and Pb(IV) exist in this compound. Pb(II) and Pb(IV) together with oxygen
are arranged in a tetragonal type of ionic lattice. An electrical conductivity of 10' 12
(Qcm)-1 or higher can be obtained from red lead, which is much higher than the
conductivity of lead monoxide (10 14 (Qcm)-1 )4. Red lead is generally prepared by
oxidising PbO batches (usually Barton oxide) in mechanical furnaces within a
temperature range of 450 to 500 °C and can be prepared in a finely-divided form.
When the compound is treated with sulphuric acid, it reacts according to its
stoichiometric composition (Pb02-2Pb0 ), to covert the lead monoxide into lead
sulphate, leaving the Pb02 unaffected. The addition of red lead to a positive plate
paste mix facilitates the formation process due to the fact that one-third of the oxide
has been converted directly to PbC>2 before the charging process is conducted5.

The use of hydrogen peroxide as a replacement for the sulphuric acid to formulate the
paste has been studied and is reported in Chapter 4. It was found that plates prepared
with hydrogen peroxide based paste could be directly assembled into batteries
without undergoing the conventional curing process.

Nevertheless, the results

indicated that the formation efficiency and initial capacity of H20 2 -based non-cured
plates are lower than for conventional cured plates.

In this chapter, in order to

improve the performance of H20 2-based plate, we propose to tackle the above
problems by using red lead as an additive in the H20 2-based paste. The effects of
red lead content in the positive plates on plate formation, active material utilisation
and cycle life were investigated.
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5.2

EXPERIMENTAL

5.2.1

Plate Preparation

Three types of positive pastes were prepared. Sample 1 was taken as the control
sample and made from battery grade leady oxide (with 22.5% free lead, provided by
Equal Shine Industry, Hong Kong). Samples 2 and 3 were made from mixtures of
the battery grade leady oxide and 12.5 wt.% and 25 wt.% Pb304 (99.9%, Aldrich),
respectively. A 5% (V/V) (Aldrich) hydrogen peroxide solution was used during the
paste preparation. The density of these three pastes was adjusted to about 4.0 g cm"3.
Table 5.1 lists the formulae employed for the pastes preparation. The free lead
content in each paste was analysed by means of a gravimetric method. The results
show that the free lead contents for all samples were below 5%. These pastes were
used to make positive plates by hand-pasting onto lead grids with dimensions of
40x40x1.2 (height x width x thickness, in mm). The pasted plates were dried in hot
flowing air and then directly assembled into the battery cases.
Table 5.1 The formulae used for the preparation o f paste
Positive electrode

Component

PbO Battery grade) (g)

With 0 %
Pb30 4
50

With 12.5%
Pb30 4
43.75

With 25%
Pb30 4
37.5

Pb30 4 (g)

0

6.25

12.5

Cellulose (g)

0.125

0.125

0.125

TEFLO (g)

1.6

1.6

1.6

H20 2 (5 vol. %) (cm3)

5.5

5.5

5.5

H20 (cm3)

4

4

4

Paste density (g/cm )

3.8-4.0

3.8-4.0

3.8-4.0

122

CHAPTER 5
BENEFICIAL EFFECTS OF RED LEAD ON NON-CURED PLATES

5.2.2

Cell Assembly and Formation

The test cells were composed of one positive plate and two commercial negative
plates, separated by a microglass fibre separator. The sandwiched electrodes were
inserted into a commercial battery case. Each test cell was filled with an electrolyte
of H2SO4 (1.25 sp. gr.), and the cell volume was held constant. The test cells were
sealed, and a rubber valve was fixed to each cell. After soaking with electrolyte for 2
hours, the cell formation was applied at a constant current density of 25 mAg'1. Plates
were formed for different periods of 9, 14, 18, 21 and 24 hours with input capacities
of 225, 350, 460, 520 and 600 mAh g’1, respectively.

5.2.3

P b 0 2 Content Analysis

After a predetermined time for the cell formation process, the positive plates were
removed from the cells, and the Pb02 contents in the plates from different test cells
were analysed using titrimetric analysis. The samples that had 24 hours formation
were subjected to X-ray diffraction (XRD) phase-analysis, and their compositions
were determined by “Traces” software.

5.2.4

Charge/Discharge Procedure

After formation, the first discharge capacity of each test cell was recorded at a
discharge current density of 35 mAg 1 to a cut-off voltage of 1.75 V/cell. Then a
charging/discharging cycle was initiated with the same current density. During
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charging, this constant current was maintained until a cell voltage of 2.45 V was
reached, and then the charging was held at this voltage until 110 % of the previous
discharge capacity was achieved. This charge/discharge sequence was repeated until
the reserve-capacity had fallen to 60% of the initial capacity value. The formation
and the cycle life tests were carried out with an ARBIN cycler (BT4+).

5.3 RESULTS AND DISCUSSION

5.3.1

Effect of Red Lead Addition on the Formation Efficiency

The effect of red lead addition on the formation efficiency was investigated. Table
5.2 shows the changes in the PbÛ2 contents during the formation process. The trends
in Pb02 content with formation time are given in Figure 5.1.

Table 5.2 shows that during the early formation period (9 h), the PbÛ2 contents of the
three samples were 49 wt.%, 43 wt.% and 37 wt.%, corresponding to the addition of
25 wt.%, 12.5 wt.% and 0 wt.% Pb304. The sample with 25 wt.% Pb304 required 14
hours for the P b02 content to reach 60%, while the sample with 12.5% Pb30 4
required 17 hours, and the sample without Pb30 4 required 18 h. At the end of
formation, the Pb02 contents of the three samples were 76.8 wt.%, 71.9 wt.% and
67.8 wt.% corresponding to the addition of 25 wt.%, 12.5 wt.% and 0 wt.% of Pb30 4.
Figure 5.1 revealed that for the sample plates with Pb30 4 addition, the rate of
formation in terms of the percentage of Pb02 increased almost linearly with the
formation time up to 21 hours and then levelled off, while for the sample plate with
no Pb30 4 addition, the initial rate of formation was slow and then speeded up to
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almost the same rate as for the sample plates with Pb30 4 after 9 hours of formation.
It was also found that for a given formation time, the higher the red lead addition, the
higher the Pb02 content. This enhanced plate formation effect may be explained by
the transformation of Pb30 4to p-Pb02 in the plate soaking and formation processes
according to the following reaction6:

Pb30 4 +2H2S 0 4

p-Pb02 + 2PbS04 + 2 H20

(5.1)

Small amounts of p-Pb02 seed crystals produced from the above reaction will
promote the efficiency of the transformation of the entire pasted plate. At the end of
the formation, although the input formation capacity had been increased to 250% of
the theoretical input formation capacity, the precursor still remained about 23% of
the plate mass for the sample with the highest Pb30 4 addition. This is because the
lines of current density go directly to the patches of Pb02, not to the remainder of the
precursor, which has not undergone transformation 7. At this stage, the formation
efficiency becomes very low, and most of the input power generates gas as a side
reaction. However, these results indicate that the formation efficiency can be
enhanced by the addition of red lead. Acceptable formation efficiency paste can be
obtained for the non-cured type paste without undergoing the conventional curing
process.
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F ig u r e 5.1 P b Û 2 c o n te n t versus fo r m a tio n tim e.

T a b le 5 .2 C h a n g es in the PbC >2 c o n ten t d u rin g fo r m a tio n

Formation Time (h)

^ ■ \ P b 0 2 content
Sample
5

8

9

14

18

21

24

1 (With 0 %Pb30 4)

21.3

27.3

33

51.2

60.7

66.8

68.9

2 (With 12.5 %Pb30 4)

30.4

38.5

43.2

54.3

63.8

69.4

71.5

3 (With 25 %Pb30 4)

38.6

46.3

48.9

59.3

65.8

72.6

76.8
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5.3.2

First Discharge Capacity

The discharge capacities of the plates were examined after formation. The results are
shown in Figure 5.2. As expected, the discharge capacities increased with formation
time for all samples investigated during the first charge/discharge cycle. Importantly,
the results revealed that for any given formation time, the discharge capacities
increased as the red lead content increased.

At the end of formation, discharge

capacities of 90.5, 98.6 and 112.3 Ah/kg^were observed for the sample plates with 0
wt %, 12.5 wt %, and 25.0 wt % of red lead addition. The discharge capacity during
the first charge/discharge cycle was increased by 9 % and 24 % when 12.5 % and
25.5 % of Pbs04 were added respectively. This indicates that the discharge capacity
can be improved by the addition of the red lead.

In order to understand the reason for the increase in discharge capacity when the red
lead was added, the compositions of all the sample plates were examined by X-ray
diffraction after 24 hours formation. The results are summarised in Table 5.2. It can
be seen that an increase in the red lead content resulted in a decrease in both a-PbO
and a-P b 0 2, while the PbS04 content remained essentially constant. Moreover, an
increase in the red lead content led to a high percentage of (3-Pb02 formation in the
product. It is well known that the discharge capacity of (3-Pb02 crystals is generally
much higher than that of a-P b02 crystals 8’ 9. Therefore, according to the above
composition dfl^L if is reasonable to conclude that the beneficial effect on the
discharge capacity of the addition of red lead can be attributed to the high (3-Pb02
content. The high percentage of (3-Pb02 formation may be due to the fact that (3Pb0 2 crystal seeds were formed during the plate soaking as a result of the added red
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lead reacting with H 2 S O 4 . These p-PbC>2 crystal seeds then acted as crystal centres to
facilitate p-Pb02 formation during the plate formation process.

F ig u r e 5.2 D isc h a rg e c a p a c ity versus fo r m a tio n time.

T a b le 5.3 T he p la te c o m p o sitio n s a fte r fo r m a tio n

Composition (wt.%)

Sample
a-Pb02

3-Pb02

a-PbO

PbS04

1 (With 0 %Pb30 4)

30.1

42.9

15.0

12.0

2 (With 12.5 %Pb30 4)

21.9

52.6

13.2

12.3

3 (With 25 %Pb30 4)

9.5

67.8

10.6

12.1
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5.3.3

Active Materials Utilisation

The active material utilisation is defined as the ratio of the measured capacity to the
corresponding theoretical capacity.

It represents the percentage of materials that

participate in the discharge process.

Figure 5.3 shows the effect of formation time on the percentage of active material
utilisation. It was found that the percentage of material utilisation increased with
increasing formation time, as expected. At the end of the formation, the material
utilisation for cells with 12.5 wt.% and 25 wt.% Pb30 4 were 43% and 52%,
respectively.

However for the cell without added Pb30 4, only 35% material

utilisation was observed. The results indicate that the active material utilisation was
increased by the addition of red lead. However, no significant differences in the
material utilisation occurred during the early stages of formation.

This may be

attributed to the fact that the contribution of red lead was to provide p-Pb02 seed
crystals (see equation (5.1)). Since there was only a comparatively small ratio of pPbC>2 to the whole active mass during the early stages of formation, no significant
differences in the material utilisation were observed.

As the formation process

proceeds, the existence of the p-Pb02 seed crystals promotes a more efficient
transformation of the entire pasted plate from PbS04 to Pb02 and as a consequence,
significant differences in regards to the material utilisation can be observed in the
later formation stages.
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F ig u re 5.3 M a te r ia l u tilisa tio n versu s fo r m a tio n time.

5.3.4

Effect of Red Lead Addition on the Initial Capacity and the Cycle Life

The effect of red lead addition on the initial capacity and the cycle life were
investigated (see Figure 5.4). The experiments were carried out via a continuous
charge/discharge cycle process. For each charge/discharge cycle, cut-off voltages of
2 45 V/cell and 1.75 V/cell were used for the charge and discharge processes
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respectively. The charge and discharge current was 35 mA/g. The charge/discharge
cycle was terminated when the reserve-capacity was below 60% of the initial
capacity.

F ig u r e 5 .4 R e la tiv e rese rv e ca p a city as a fu n c tio n o f the n u m b e r o f cycles.

It can be seen from Figure 5.4 that the discharge capacities for all the samples
investigated increased during the first 20 charge/discharge cycles due to the initial
incompleteness formation. Higher initial discharge capacities were also observed
from the cells constructed using positive plates with Pb30 4 addition. As mentioned
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above, the H2O2 -based non-cured plates suffered from a loss of initial capacity. The
above results demonstrated that this problem might be overcome by formulating the
paste with the addition of red lead.

The results in Figure 5.4 also revealed that the cycle life of the cells constructed
using the positive plates with Pb30 4 addition wasmarkedly improved. This may be
due to the fact that the phase change transitions on the new plates due to the
chemical/electrochemical reactions during the formation process and the subsequent
charge/discharge processes cause much less destruction and hence improve the cycle
life of the cell. The details are as follows.

Before formation a conventional F^SC^-based cured plate contains tribasic lead
sulfate (3PbO PbS04H2O = 3BS), which is converted into Pb02 during formation.
The following charge/discharge processes also involve phase changes. The phase
transformation/changes involved in these processes cause volume changes that may
lead to the failure of the plates. Phase transformation in the new FhCVbased plate
during the plates formation and charge/discharge processes may be different to what
is seen in conventional ones. A non-cured H202-based plate could be formed from
its original state, mainly from PbO -> Pb+2 -> Pb02, without going through the
conventional process which follows the phase transformation of PbO -> 3BS ->
P b 0 2. The new process could produce less volume change in the positive plates
during formation and be favourable for reducing volume change during the
subsequent charge/discharge cycles. The extension of cycle life for cells containing
Pb3o 4 may be due to the combined contribution from the red lead and the H2O2based plate. Specifically, the red lead favours the proposed phase transformation
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PbO

Pb+2 -> Pb02 because the Pb02 in the red lead acts as a sources of crystal

seeds to facilitate the phase transformation and to ensure that the phase
transformation occurs uniformly throughout the entire plate. Also, the red lead has
already contains a substantial amount of P b02 before the formation. The pre-added
Pb02 does not require conversion during the formation process so the destruction
caused by the volume changes can be reduced.

5.3.5

AC Impedance Analysis

Electrochemical impedance spectroscopy (EIS ) was performed on the sample with
0 % Pb30 4 and the sample with 25% Pb30 4 after 2 hours soaking in an electrolyte of
H2S 0 4 (1.25 sp. gr.). Figure 5.5 shows the Nyquist plot, and the equivalent circuit
that best fits the EIS measurements is given in Figure 5.6. In the figure, Rs is the
resistance of the electrolyte, Cdl is the double layer capacitance, Rc is the charge
transfer resistance, and Ws is the Warburg resistance. The calculated results are
listed in Table 5.4. The results showed that the values of Rs, Rc, and Ws for the
sample with 25% red lead are all much smaller than for the sample without red lead
(control sample). This suggests that the conductivity of the paste with 25% red lead is
much higher than for the paste without red lead after 2 hours soaking. Therefore the
paste with 25% red lead was formed faster than the sample without red lead.
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F ig u r e 5.5 N y q u is t p lo ts f o r th e sa m p les after 2h s o a k in g in a su lfu ric a c id so lu tio n
o f 1.25 re la tiv e density.

Rs

Rc

W s

-------f -\ sss*---------Wfe
Cdl

Figure 5.6 T he e q u iv a le n t c irc u it that f i t s the E IS m easurem ents.
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Table 5.4 Fitted parameters o f the equivalent circuit shown in Figure 5.6.
Sample
Rs (Q)
Rc (Cl)
Ws (Q)

5.4

0% Pb30 4

576.00

33.54

3077.00

25% Pb30 4

108.90

9.58

833.50

SUMMARY

Additions of red lead, together with the use of hydrogen peroxide solution allowed
successful plate formation without the conventional curing/drying process. The
influence of the addition of red lead to the positive plates on plate formation, active
material utilisation and cycle life was investigated. The results confirmed that the use
of red lead could bring significant benefits in term of high formation efficiency and
enhanced cycle life. Although the cost for using these two substitutes would be
higher than for using conventional materials, the resulting advantages will outweigh
the increased cost of battery manufacturing.
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CHAPTER 6
EFFECTS OF ACID TO OXIDE RATIOS
AND PASTE DENSITIES ON THE
PERFORMANCE OF POSITIVE PLATES
PREPARED USING PURE LEAD OXIDE

6.1 INTRODUCTION
Currently, the plates used for lead acid battery manufacturing are made of leady
oxide that is produced either via the Barton pot or the Ball mill techniques *. These
types of lead oxides have dominated the lead acid battery industry since the early
1970s.

Despite the long acceptance of leady oxide as a plate making material,

conventional lead acid batteries and their manufacturing processes have suffered a
few serious drawbacks because of the use of such material 2. In conventional plate
making processes using leady oxide, the amount of free lead oxidised at each step
(e.g. paste mixing, pasting, and curing) is very difficult to accurately control. This
results in composition variations in the finished plates , which, in turn, affects the
physical, chemical and electrochemical properties of the plates. These will cause
reproducibility problems in terms of cell voltage and charge/discharge characteristics
for cells made of these plates. Such reproducibility problems can be very serious for
VRLA batteries where the repeatability of cell-to-cell voltage and charge/discharge
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characteristics are very important for measures of battery performances, such as the
cycle life and capacity.
This chapter is aimed at exploring the feasibility of developing a non-curing plate
making process using pure lead oxide for VRLA type batteries. The effect of the
acid-to-oxide ratio and the paste density of the paste on the electrochemical
performance of cells prepared with the non-cured plates were investigated.

6.2

EXPERIMENTAL

6.2.1

Plate Preparation

Positive pastes were prepared with six different formulae as specified in Table 6.1.
These formulae yield three different paste densities: (i) 3.6 g cm'3 for samples 1 and
4; (ii) 4.0 g cm' for samples 2 and 5; (iii) 4.3 g cm' for samples 3 and 6. Two
different acid-to-oxide ratios were employed for each paste density, 3.9% for samples
1, 2 and 3, and 6.6% for samples 4, 5 and 6. Acid-to-oxide ratio was calculate by
following formula3:
Acid-to-oxide ratio (%) =100 [(0.5x1.4 va)/w j
va = volume of 1.4 sp. gr. acid (cm )
w0 = weight of oxide (g)
The positive pastes were prepared by mixing 100 g pure PbO powder (99.9%
Aldrich) with three-quarters of the required water. The sulphuric acid (1.40 sp.gr.)
was then added to the powder at a slow rate under constant stirring. The pastes were
then applied manually onto a lead-coated glass fibre grid with dimensions of 25 x 20
x 1.2 (height x width x thickness, in mm). The weight of the paste was controlled at
~ 5 g/per plate.
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Table 6.1 Paste formulae
Component

PbO (Aldrich) (g)
TEFLO (g)
H2SO4 (1.40 sp.gr.) (cm3)
H20 (cm3)
Acid-to-oxide ratio (%)
Paste density (g/cm3)

6.2.2

Sample
1

2

3

4

5

6

50
1.6
2.8
6.8
3.9
3.6

50
1.6
2.8
6.2
3.9
4.0

50
1.6
2.8
5.4
3.9
4.3

50
1.6
4.4
5.4
6.6
3.6

50
1.6
4.4
5.0
6.6
4.0

50
1.6
4.4
4.4
6.6
4.3

Cell Assembly and Formation

The test cells were composed of one positive plate and two commercial negative
plates, separated by a microglass fibre separator.

The test cells were filled with

H2SO4 of 1.25 sp.gr to serve as the electrolyte. After the plates were soaked for 2
hours, the cell formation was performed using constant current method. A current
density of 25 mAg' 1 and the formation time of 24 h were employed.

6.2.3

Cell Performance Tests

Five-hour discharge capacity. After formation, the reserve capacity of the cell was
recorded at a constant current of 120 mA to a cut-off voltage of 1.75 V/cell. The
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product of the current and the time yields the five-hour discharge capacity. During
the charging process, the constant current was maintained until a cell voltage of 2.45
V was reached, and then the cell was held at this voltage until 110% of the previous
discharge capacity was achieved. This charge/discharge sequence was repeated until
the measured capacity reached the maximum value.
6.2.4

Accelerated Cycle Life Test

The accelerated te st4 conditions are listed in Table 6.2. The duty cycle was 16 cycles
per day, and the cell was discharged until the terminal voltage fell to 1.70V. The test
was repeated until the measured reserve capacity had fallen to 80% of the initial
capacity.

Table 6.2 Accelerated cycle-life test conditions

16
0.5
1000
1
550

Duty cycle (cycles/day)
Discharge time (h)
Discharge current (mA)
Charge time (h)
Charge current (mA)

6.2.4

Characterisation of Active Materials

Lead oxide, pastes and formatted plates were all subjected to X-ray diffraction phase
analysis. The phase compositions were determined by using the Traces Program5
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The morphology of these materials was examined by scanning electron microscope
(SEM). The specific surface areas of oxides, and pastes (before and after formation)
were measured.

6.3

RESULTS AND DISCUSSION

6.3.1

Surface Morphology

The morphology of pure p-PbO particles is shown in Figure 6.1. It can be seen that
the pure (3-PbO phase consists of individual ‘particles’ of varying shapes and with a
size distribution ranging from 1 to 10 pm.
Although further SEM studies showed no effects due to paste density, it was found
that a change acid-to-oxide ratio in the paste resulted in a slight change in the size of
the 3BS crystals. Figure 6.2 shows the SEM images of pastes with the same paste
density (4.0 g cm'3) but different acid-to-oxide ratios (3.9% and 6.6%). Comparing
Figures 6.1 with 6.2, it can be seen that the morphology of the pastes changes from
irregular shapes ((3-PbO), shown in Figure 6.1 to needle-liked shapes (3BS crystals in
a matrix of lead oxide), shown in Figure 6.2. The size of the 3BS crystal needles was
decreased slightly when a higher acid-to-oxide ratio was used. This is similar to
previous reports that the 3BS crystal size increased as the acid-to-oxide ratio
decreased for conventional paste, which was made from leady oxide ’ .
Figure 6.3 shows the SEM images of non-cured plates with different acid-to-oxide
ratios and paste densities after formation. It can be seen that all plates exhibit similar
morphology regardless of acid-to-oxide ratios and paste densities. It should be noted
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that the morphology of these non-cured plates was similar to what is seen for the
plate prepared from conventional leady oxide 1.

Figure 6.1 SE M images o f pure lead oxide (fi-PbO).
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F ig u r e 6.2

S E M im ages o fp a s te m a te ria l p r e p a r e d fr o m d iffe re n t a cid -to -o x id e
ra tio s a n d sa m e p a s te densities.
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(1) Acid-to-oxide ratio - 3.9%, paste density = 4.0 g cm'23.

(2) Acid-to-oxide ratio = 6.6%, paste density = 4.3 g cm'3.

F ig u r e 6.3

S E M im a g es o fp a s te m a te ria l p r e p a r e d fr o m d iffe ren t a c id -to -o x id e
ra tio s a n d p a s te d e n sities a fte r fo r m a tio n .
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6.3.2

X-ray Diffraction Analysis

The phase composition data for the pastes prepared with various acid-to-oxide ratios
and densities are shown in Figure 6.4. The results indicate that at a fixed acid-tooxide ratio, the effect of the paste density on the paste composition was insignificant.
In contrast, at a given paste density, a change in the acid-to-oxide ratio affected the
paste composition dramatically. Figure 6.4 shows that the amount of 3BS phase in
pastes prepared with a higher acid-to-oxide ratio is much greater than for pastes
prepared with lower acid-to-oxide. The dependence of the phase composition of the
paste on the ratio between H2SO4 and leady oxide has been demonstrated previously
by Pavlov and Papazov7. They reported that the amount of 3BS phase increases
proportionally with increases in the H2SO4 content.

After formation, plates prepared from different acid-to-oxide ratios and paste
densities were also analysed by XRD. The results are shown in Figure 6.5. The (3Pb02 contents were found to be over 70% for samples 1, 4, 5 and 6. The p-PbC>2
contents in samples 2 and 3 were 63% and 68% respectively, which were slightly
lower than other samples. The results indicate that plates prepared from pure lead
oxide can be formed directly without having undergone a conventional curing
process. Both the acid-to-oxide ratio and the paste density can affect the results of
plate formation through changes in the P-Pb02 content of the formed plates. When
the acid-to-oxide ratio was fixed, the proportion of p-Pb02 increased with the
increasing paste densities. At a fixed paste density, a relatively higher proportion of
P b 0 2 was observed in the formatted plate when a high acid-to-oxide ratio was used.
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Paste density (g/cm 3)
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6.3.3

BET Surface Area

The BET surface areas of plates before and after formation were investigated. The
results are presented in Figures 6.6 and 6.7, respectively. Before formation, at a fixed
acid-to-oxide ratio, the surface areas of the plates decreased with increasing the
densities.

At a given paste density, the plates with a lower acid-to-oxide ratio

showed a lower surface area. This is because the sizes of the 3BS crystals are larger
when the plates are obtained from a paste with a low acid-to-oxide ratio (see Fig.
6.2). After formation, the surface areas of the formed plates increased as the acid-tooxide ratio increased.

At each given acid-to-oxide ratio, the surface area of the

formed plate increased slightly as the paste density was decreased.
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3

Paste density (g/cm )
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F ig u re 6 . 7. B E T s u rfa c e a rea o f th e p a s te a fte r fo rm a tio n .

6.3.4

Formation Efficiency

A study of the effect of the acid-to-oxide ratio on the formation efficiency was
carried out by determining the first discharge capacities since the first discharge
capacity can be used to evaluate the formation efficiency8. The results are shown in
Figure 6.8. It was found that a given acid-to-oxide ratio, an increase in the paste
density resulted in a decrease in the first charge capacity. When plate with the same
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density had a higher acid-to-oxide ratio, they showed a higher first discharge
capacity.
The highest initial capacity of 91 mA/g was achieved for a plate prepared with a
6.6% acid-to-oxide ratio and a 3.6g/cm3 paste density.

This initial capacity is

acceptable since it is comparable to the initial capacity obtained from conventional
cured plates, indicating the plates prepared from pure lead oxide can be formed
acceptably without undergoing a conventional curing process.

Paste density (g/cm3)
3.6

4.0

4.3

3.6

4.0

4.3

F ig u re 6.8 F ir s t d isch a rg e ca p a city o f the te st sam ple.
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6.3.5

Active M aterials Utilization

As the energy density of a battery depends on the percentage utilization of the active
materials, the effect of the acid-to-oxide ratio on the percentage of active material
utilization was investigated (see Figure 6.9). It was found that for a given acid-tooxide ratio, the active-material utilization increased slightly as the paste density was
decreased. At a fixed paste density, the active-material utilization increased when the
acid-to-oxide ratio was increased. These imply that a plate prepared with a lower
paste density and higher acid-to-oxide ratio may lead to a relatively higher activematerial utilization.

P a ste density (g/cm 5)
3.6

4 .0

4.3

3.6

4.0

4.3

a.

A cid -to -o x id e ratio (% )

F ig u r e 6.9 M a te ria l u tiliza tio n o f the te st sam ples.
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6.3.6

The Results of Accelerated Cycle-Life Testing

Accelerated cycle-life tests were performed to evaluate the cycle life of the cells. The
results are given in Figure 6.10. It was found that an increase in the acid-to-oxide
ratio resulted in an increase in the cycle life regardless of paste density. It was also
found that when the acid-to-oxide ratio was fixed, the observed cycle life was
increased with increasing paste density.

It should be noted that an increase in paste density had negative effects on the active
material utilization, while the effect of the increased in paste density on the cycle life
was positive. This phenomenon is attributed that the BET surface area is decreased
with an increasing in paste density of active material. When BET surface area
increased, the reactivity of active material with electrolyte of sulphuric acid was
increased, therefore, the material utilization increased as paste density decreased. On
the other hand, mechanical strength of the electrode increased when paste density
increased, so the softening of plate will be reduced during cycle, consequently, the
cycle life incrassated. Therefore, in order to achieve a maximum active material
utilization, the cycle life has to be sacrificed, so that an optimum balance has to be
considered when the paste density is selected.
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6.4

SUMMARY

1. Pure lead oxide was used as a starting material in the fabrication of lead acid cells
to explore a non-cured plate making process. Non-cured plates with different
acid-to-oxide ratios and paste densities can be formed acceptably without the
conventional curing processing.

This new process has demonstrated many

advantages over the conventional process, including simplification of the
manufacturing process, a short production time, and low cost.

2. A change in paste density does not affect the morphology of the plate, but the
various acid-to-oxide ratio used in the paste preparation slightly affects the size
and shape of 3BS crystals in the paste.

3. At a given acid-to-oxide ratio (3.9 or 6.6%), a change in paste density does not
influence greatly the phase composition of the paste. By contrast, at a fixed paste
density, the acid-to-oxide ratio exerts a significant effect on the paste
composition. In particular, the level of 3BS is increased on increase the ratio from
3.9 to 6.6%.
4. The active material utilization increases with an increasing acid-to-oxide ratio.
The cycle life increases with an increase in paste density at given acid-to-oxide
ratios. At any given paste density, the cycle life increases with an increase in the
acid-to-oxide ratio. A better active material utilization is always trade against the
cycle life.
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CHAPTER 7
EVALUATION OF CARBON FIBER
AS AN ADDITIVE FOR POSITIVE PLATES

7.1

INTRODUCTION

The effect of different additives on material utilization and the cycle life of positive
plates in lead-acid batteries has been reported previously1 2 3 4.5 Some of these
additives including graphite, needle coke, glass microspheres, and carbon fiber have
been investigated previously. Tokunaga et al.4 evaluated the effect of anisotropic
graphite as an additive the positive paste and found that active material utilization
improved remarkably. The improvement in utilization was attributed an increase in
the porosity (mainly in the volume of pores with sizes above 2 pm) of the plates and,
in turn, increased positive-material utilization. One of the reasons for this was the
extra acid available in the pores of the plates. Lightweight additive such as glass
microspheres as a filler in the positive paste was also investigated3. They concluded
that lead dioxide utilization was increased, particularly at high rates, with a
maximum effect at an addition of 4.4 wt,% of glass microspheres. The increase in
utilization was again explained by an increase in porosity and surface area as
additives were added. One common effect of all these additives is to increase the
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porosity and the BET surface area of the positive plate, providing a better balance
between the positive active material and the electrolyte in and near, the positive plate.
When additives are added to the positive plate, the paste density increases with an
increasing content of additive. The porosity and surface area also increase as
additives are added.
This study aims to evaluate the effect of carbon fiber as an additive for the positive
plate, prepared using pure lead oxide. Emphasis is given on material utilization, high
rate discharge, low temperature effect and cycle performance.

7.2

EXPERIMENTAL

7.2 1 Plate Preparation
Carbon fiber was obtained from a commercial product (provided by GCM Corp. Ltd.,
China). Pure lead oxide (Aldrich ) was blended with 0.25-0.75 wt.% carbon fiber
and mixed with 1.4 (sp.gr.) sulfuric acid and water to prepare a positive paste of 4.0
g/cm3 in wet density. The positive plates were made by applying the paste on leadcoated glass fiber grids of 25 mm x20 mmxl.2 mm. The plate weight was 5 g/plate.
All the plates were made without any the conventional curing processes.

7.2.2 Cell Assembly and Testing
The test cells was constructed with one positive plate and two negative plates with a
separator in between. The cells were filled with an electrolyte of H2SO4 (1.25 sp.gr.).
After soaking in electrolyte for 2 hours, cell formation was applied at a constant
current density of 25 mAg' 1 for 24 hours. A discharge test was conducted with
discharge currents of 20, 50, 100, 200 mA/g, at different temperatures. Cycle life
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test was performed at a constant current of 25mAg 1 for both the charge and
discharge at 25 °C. During the charge, the cut-off voltage is set up to 2.45 V and
then a constant voltage charge was kept until 110% of the previous discharge
capacity was arrived.
7.2.3 BET Surface Area M easurem ent of Positive Plate M aterial
The internal surface areas of the formed positive pastes with difference amount of
carbon fiber were examined by BET method. Details of description of BET surface
measurement are given in Chapter 2.
7.2.4 Morphology of Carbon Fiber Analysis
The morphology of carbon fiber was examined with scanning electron microscope.
Figure 7.1 Shows SEM photo of carbon fiber. It was found that the carbon fibers
were in regular cylinder shape with the diameter of approximately 10 pm.

Figure 7.1 SEM image o f carbon fiber.
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7.3

RESULTS AND DISCUSSION

7.3.1

Effect of the BET Surface Area on M aterial Utilization

Figure 7.2 shows the relationship between the amount of carbon fiber and the
utilization of the positive active mass (PAM). Not that the material utilization
increased when carbon fibers were added to the PAM at all the discharge rates. The
material utilization increased with the carbon fiber loading until a maximum was
attained. The maximum occurs at approximately 0.5 wt.% carbon fiber.

Figure 7.2 Relationship between the amount o f carbon fiber and the utilization o f
the positive active material.
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Figure 7.3 shows the relationship between amount of carbon fiber added to PAM and
its BET surface area after formation. The internal surface areas increased almost
linearly with the increasing additions of carbon fiber up to 0.5 wt.%, then leveled off.
This is due to when carbon additive was added into pastes, the porosity increases
with an increasing of additive contents 3,4. The BET surface area increases as
porosity increased6 , therefore, internal surface area increased with content of
additive increased.
This change in BET surface area was similar to the trend in the material utilization
shown in Figure 7.4. When the utilization of the PAM was plotted against its BET
surface area, and a linear relationship was obtained between both factors at all

Figure 7.3 Ration between amount o f carbon fiber and BET surface area o f the
positive active material..
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discharge rates, as shown in Figure 7.4. Accordingly, the increase in utilization of
the positive active mess can be related to the increase in its BET surface area.
Therefore, the beneficial effect of material utilization with addition of carbon fiber
can be attributed to the increase in BET surface area of the plate

Figure 7.4 Relation between BET surface area and utilization o f PAM.
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7.3.2 Effect of the Discharge Rate on Material Utilization
Figure 7.5 shows the positive active material utilization vs. discharge rate.

As

expected, the active material utilization decreases as the rate of discharge is increased
for all the test electrodes. At low discharge rates, most of the active material can
react, while at the higher rates, the amount of material that reacts is reduced. Since at
the higher rates the diffusion becomes more important and only the material adjacent
to the electrolyte has opportunity to react3. The decreased utilization of the active
material is caused by limiting diffusion rate of the reaction. Mainly acid depletion at
the electrode surface increases the voltage drop and reduces the rate of the reaction.
Furthermore, some of the undercharged material may be buried underneath the
growing PbS04 layer. Because of high concentrations of Pb2+ ions, this layer grows
very fast at high discharge, resulting in a thin but compact covering layer that
prevents further discharge very early.

It can be seen from Figure 7.5 that the addition of carbon fiber can increase the
material utilization, and this function is more pronounced at the higher rates (100200mAg"1). For example, at the discharge rate of lOOmAg'1, the test cell with 0.5
wt% of carbon fiber had shown 30% more capacity than the cell without carbon fiber.
This fact indicates that further addition of carbon fiber (over 0.5wt.%) can improve
the conductivity of PbSC>4 layer and therefore the utilization of PAM, significantly.
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Figure 7.5 Positive active material utilization vs. different rates o f discharge
at 25 °C.

7.3.3 Influence of Tem perature on M aterial Utilization
Figure 7.6 shown the influence of the temperature on the positive material utilization
with various carbon fiber contents. The four curves are given as percentage of the
positive material utilization versus the temperature at one given rate of discharge of
50 mAg'1.
The general trend is that the material utilization declines as the temperature goes
down This trend becomes more pronounced at minus temperature (bellow the
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freezing point of water), which raises the internal resistance and causes increased
polarization.
The effect of addition of carbon fiber on utilization at various temperatures can be
seen clearly from Figure7.6. Bellow 0 °C, significant improvement on the utilization
can be obtained with higher level of carbon fiber contents (over 0.5wt.%).

This

beneficial effect can be attributed to that a higher value of carbon fiber addition
could reduce the kinetic hindrance and then make a larger part of material available,
that remain unused at lower or no carbon fiber addition. The beneficial effect can
also be attributed to the conductivity of active material was increased with an
increasing in carbon fiber contents at a low temperature.

Figure 7.6 Influence o f temperature on positive material utilization with different
carbon fiber at discharge rate o f SOmAg'1.
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7.3.4 Cycle Life
The discharge capacity vs. the cycle number is shown in Figure 7.9. The carbon
fiber in the pastes increases the capacity of the positive active material during the
initial cycles. In the fifth cycle, the capacity is raised by 2.3 %, As the cycles
proceeded, the capacity declined sharply for cells with higher additions of carbon
fiber. Similar phenomenon has been reported2. A detrimental effect on the cycle life
can be attributed to the oxidation of the carbon type material during cycle.
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Figure 7.7 Discharge capacity vs. cycle number with various carbon fiber contents.
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7.4

SUMMARY

In order to improve the discharge performance of non-cured positive plates which are
prepared using pure lead oxide, carbon fiber was evaluated as an additive for the
positive paste, and its effect on the material utilization and cycle performance has
been clarified: 1) an increase in the positive material utilization; 2) an improvement
in the high rate discharge performance; and 3) an improvement in low temperature
properties of the test cells. The beneficial effects of 2) and 3) are more pronounced
when the amount of addition is over 0.5 wt%. Flowever, a detrimental effect on the
cycle performance with higher additions is also presented. Before the application of
carbon fiber as a positive plate additive, care must be taken and both the beneficial
and detrimental effects balanced.
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CHAPTER 8
ELECTROCHEMCAL PERFORMANCE OF
NANOCRYSTALLINE LEAD OXIDE IN
VRLA BATTERIES

8.1 INTRODUCTION
The main technical drawback of the lead-acid battery is its low specific energy. To
improve the specific energy, lighter battery components, such as lighter grids and
connections, have been used.

A remaining question is how to improve the low

capacity of the positive materials, which is presently limited in the best case to 50%
of the theoretical capacity.

A very promising approach for raising the positive

utilization is using various additives to enhance either ionic or electronic
conductivities inside the positive electrode1. Such an approach, however, is basically
limited by higher cost and by the requirement of minimising the amount of additive
that is deadweight with respect to the electrode capacity. Thus, in the present study,
I have chosen a different method of improving capacity by improving the active
material itself rather than aiming for an improvement via additives.

In recent years, nanostructured materials have been of interest because their much
small crystal size gives them different properties from conventional polycrystalline
materials2, 3’ 4’ 5. Results show that the nanocrystalline materials have remarkable
electrochemical performance, high specific capacity and good cycle behaviour.
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Nanocrystalline materials have been prepared by various physical and chemical
methods. Chemical methods have some advantages over physical methods, such as
low losses, a higher productivity level and ease of maintenance6.

Therefore,

chemical methods are commonly used to synthesize ultrafine, homogeneous and
highly sinterable powders 1. In this study, two polymorphic forms of nanocrystalline
lead monoxides, a-PbO and p-PbO, were synthesized by a simple chemical
decomposition method and used as the positive material for lead-acid batteries.

8.2 EXPERIMENTAL
8.2.1 Materials Synthesis
Nanocrystalline a-PbO and P-PbO were prepared by two chemical reaction steps
shown Figure 8.1. The first reaction was carried out in a flask containing 500 mL of
0.5M Pb(N(>3)2 (Aldrich Chem. Co.) solution. 550 mL of 0.5M Na2C03 (Aldrich
Chem. Co.) aqueous solution was then added slowly to the Pb(NC>3)2 solution from a
burette. The solution was magnetically stirred throughout the process. The chemical
reaction in the solution is given by the following equation:

Pb(N03)2 + Na2C 0 3 -> PbC03| + 2NaN03

Completion of the reaction resulted in the formation of a white PbC03 precipitate,
which was then filtered and washed several times with distilled water to remove Na+
and N 0 3‘, then oven dried at 110 °C in air. The fine dried powder was calcined at
320 °C in air for 4 h to obtain a-PbO and 600°C in Ar for 4 h to obtain P-PbO. For
comparison, a ball-milled leady oxide (supplied by the Shenyang Battery Co., China)
was also tested as a reference sample.
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F ig u r e 8. ¡ F lo w c h a r t s h o w in g th e p r o c e d u r e f o r p r e p a r in g a -P h O a n d /3 -P b O fro m
P b C O s p r e c u rso r.
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8.2.2 Paste and Electrode Preparation
Positive pastes were prepared from ball-milled oxide and synthesized nanocrystalline
oc-PbO and p-PbO, respectively. The formulae are given in Table 8.1. The plates
were obtained by applying the paste evenly by hand to a lead-coated glass fiber grid
with dimensions of 25 mm x 20 mm. The plate thickness was 1.2 mm.
The plates pasted with ball-milled oxide were mounted vertically in a stainless-steel
rack, placed in a glass container, and then put into a water bath where the
temperature was maintained at 50 °C with relative humidity > 95%. The curing was
conducted for 48 h. After curing, the plates were dried at 60 °C for 24 h. The paste
weight was 5 g/ plate.

Table 8.1 Paste formulae

Component

Synthesised
pure a-PbO
paste

Noncrystalline oc-PbO (g)

100

Synthesised
pure P-PbO
paste

Ball-mill
paste

100

Noncrystalline p-PbO (g)

100

Ball-milled PbO (g)
Fibers (g)

0.2

0.2

0.2

Water (cm3)

17

17

17

H2S 04, 1.4 sp.gr (cm3)

9.5

9.5

9.5

Density (g cm'3)

4.0

4.0

4.0
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8.2.3 Battery Assembly and Testing
The positive plates were directly assembled in test cells without a curing process.
H2SO4 electrolyte (1.23 rel. dens.) was added keeping the total cell volumes constant.
The cell was then sealed, and a rubber valve was fixed to it. After 2 hours of plate
soaking, the cell formation was started with a constant formation current density of
25 mA/g for 24 hours programmed (with repeats of a one hour step followed by a 10
rest). After formation, the reserve capacity of the cell was recorded at a constant
current density of 22.5/g mA until the terminal voltage fell to 1.75V.

During

charging a constant current was maintained until the cell voltage reached 2.45 V.
The charging process was then held at this voltage until 110% of the previous
discharge capacity was reached.

The charge /discharge sequence was repeated for 50 cycles. The formation and the
cycling tests were carried out with an ARBIN cycler.

Samples of leady oxide and paste, as well as cured and formed materials, were
subjected to X-ray diffraction (XRD) phase-analysis.

The morphology of the

materials was examined using a scanning electron microscope. The particle size
distribution was measured by using a Mastersizer. The free lead contents of oxides
and the paste composition were analysed by using both the gravimetric method and
XRD phase analysis.

8.2.4 Material Characterization
Ball-milled lead oxide and synthesized a-PbO and p-PbO were subjected to X-ray
diffraction phase analysis. The paste compositions were also analysed. The
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morphology of the lead oxides and pastes were examined using scanning electron
microscopy.

The particle size distribution was measured by using a Mastersizer, and the particle
median diameter was calculated from the results. The BET surface areas of the lead
oxides were measured using a NOVA gas sorption analyzer.

8.3 RESULTS AND DISCUSSION
8.3.1 X-ray Diffraction Analysis
Figure 8.2 shows the XRD patterns of the synthesised and the ball-milled oxides.
The reflections of the synthesised lead oxides correspond very well to the theoretical
a-PbO and (3-PbO patterns (ASTM 05-0561 and 05-0570). The differences between
the patterns of the ball-milled leady oxide and the synthesised a-PbO and (3-PbO
represent the free lead in the ball-milled oxide. The average crystallite size of the
oxide can be calculated by using the Traces Program 8 according to the Scherrer
form ula:
crystallite size d —K A / p Cos 6
d: crystallite size
K: 0.89
A: X-ray wavelength
p: fu ll wide at half height o f a peak
6: position o f selected Bragg angle
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The average crystallite sizes of the synthesised a-PbO and (3-PbO are around 23 nm
and 31nm, respectively, both crystallite sizes are much smaller than that of the ball
milled lead oxide (200-220 nm) which is currently used by the lead-acid battery
industry.

Table 8.2 gives the results of X-ray examination of the plates before formation. The
XRD phase analysis shows that the non-cured plates prepared with a-PbO and pPbO paste contain a higher level of 3BS than the cured plate with ball-milled paste.
The reason for the high level of 3BS produced with synthesized lead oxide under the
same paste mixing condition may be attributed to the fine particles and their high
reactivity with sulfuric acid.

The compositions of the pastes after formation are listed in Table 8.3. The contents
of PbÛ2 in the formed paste are about 84.5, 89.6 and 91.4, respectively, for paste
which were prepared using synthesised a-PbO, P-PbO and ball milled oxide. The
P b 0 2 levels for the plates with synthesised lead oxide are higher than for the plate
with ball-milled oxide. The content of P-Pb02 in the formed paste prepared with pPbO is higher than that of the formed paste prepared with a-PbO.
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F ig u r e 8.2 X -r a y d iffra c tio n p a tte r n s o f sy n th e s ise d a -P b O a n d f.3-PbO .
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Table 8.2. Composition o f the plates before formation

Sample

composition (wt.%)
Pb

3BS

a-PbO

3.5

34.3

62.2

Synthesised pure a-PbO

58.46

41.54

Synthesised pure (3-PbO

59.98

Ball milled

Table 8.3. Composition o f the plates after formation

composition (wt.%)

Sample
a-PbÛ2

P-Pb02

PbS04

Ball mill

9.1

75.4

15.5

Synthesised pure a-PbO

10.94

78.68

10.38

Synthesised pure p-PbO

9.51

81.9

8.59
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8.3.2 Physical Properties
The physical properties of the ball-milled oxide and synthesised a-PbO and (3-PbO
are listed in Table 8.4. The median diameters of the synthesised a-PbO and p-PbO
particles are about one order of magnitude smaller than that of the ball-milled
material. The BET surface areas of the synthesised lead oxides are larger than that of
the ball-milled oxide. The acid absorption of the synthesised lead oxides is slightly
higher than for the ball-milled oxide.

Table 8.4 Physical properties o f synthesised pure a-PbO and j3-PbO compared with
ball milled leady oxide.

Ball mill leady
oxide

Synthesised
a-PbO

Synthesised
P-PbO

Average crystallite size
(nm)

220

23

31

Particle mean diameter
(Mm)

7.74

0.53

0.45

BET surface area
(m2/g)

1.48

2.85

2.96

Acid absorption
(mgH2S 0 4/g. oxide)

220

270

283
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8.3.3 Morphology of Materials
SEM images of the synthesised a-PbO, (3-PbO and ball-milled oxide are shown in
Figure 8.3. Compared with the ball-milled oxide, the synthesised a-PbO and (3-PbO
powders are more homogenous and the grain size is around 100 ~ 300 nm, which is
much smaller than that of the ball-milled oxide (1 ~ 10 pm).
SEM images of the plates after formation are shown in Figure 8.4.

The plates

prepared from synthesised lead oxides exhibit smaller particle sizes than the plate
prepared from ball-milled oxide. The morphologies of the plates prepared with aPbO and P-PbO are similar.
SEM images of the three plates after 50 cycles are shown in Figure 8.5.

The

Morphology of the conventional cured plate in discharge condition shows welldefined crystals of PbS04 (Figure 8.5 (3)), while the crystals of the synthesised plate
are much smaller and more homogeneous (Figure 8.5 (1) and (2)). The active
material of the plate prepared with synthesised lead oxide, appears more compact and
compressed than the plate prepared with ball-milled oxide. This may be attributed to
a comparatively small volume change in the synthesised plate during cycling and
would be favorable for the cycle life of the plate.
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F ig u re 8.3 S E M im ages o f (1) s y n th e s is e d a-P bO , (2) sy n th e sise j3-PbO a n d
(3) b a ll-m ille d oxide.
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(3)
F ig u re . 8.4. S E M im a g e s o f th e s u rfa c e o f the p o s itiv e p la te a fte r fo r m a tio n :
(1) p r e p a r e d w ith s y n th e s is e d oc-PbO, (2) p r e p a r e d w ith s y n th e s ize d

y3-PbO a n d (3) p r e p a r e d w ith b a ll-m ille d oxide.
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Figure 8.5 SEM images o f the surface o f the positive plate after 50 cycles:
(l) p r e p a r e d w ith sy n th e s ise d a-P bO , (2) p r e p a r e d w ith s y n th e s ize d
f - P b O a n d (3) p r e p a r e d w ith b a ll-m ille d oxide.
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8.3.4 Electrochemical Properties
The first discharge capacities of three samples are given in Figure 8. 6, and it can be
seen that the discharge plateaus of synthesised nanocrystalline lead oxide is the same
as for the conventional ball-milled oxide.
The first discharge capacities of the test cells were also used for evaluation of the
formation efficiency. The discharge capacities of the synthesised a-PbO and p-PbO
electrodes are about 20%, and 35%, higher, respectively, than that of the ball-milled
oxide. The results indicate that the synthesised nanocrystalline lead oxide plates
formed much better than the conventional plate made of ball-milled oxide. This has
been confirmed by the results of XRD phase analysis for the plates after formation.
This improvement in formation was attributed to the properties of fine particle size
and higher BET surface area of the synthesised nanocrystalline lead oxides, and
consequently their high reactivity with sulfuric acid.

Figure 8.6 First discharge capacity.
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8.3.5 M aterial Utilization
Figure 8.7 presents the effect of the discharge current on the utilization of active
materials. The active material utilization calculated from first discharge cycle. The
utilization of each plate obviously decreases with increases in the discharge current.
In all cases, the plates with synthesised nanocrystalline oxides show higher
utilization than that of the plate with ball-milled leady oxide. The level of active
material utilization of (3-PbO is higher than that of a-PbO. A key requirement to
improve the material utilization of a battery is to increase the specific surface area
and decrease the particle size of the active material. This is because the reactivity of
active material is increases with an increasing of the BET surface area. Therefore, the
higher active material utilization of the synthesised lead oxides can be attributed to
their fine particle size and higher BET surface area.

Figure 8.7 Active material utilization o f synthesised nanocrystalline lead oxide and

ball-mill leady oxide.
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8.3.6 Cycle Life
It was initially suspected that using powder with too fine grain might be
unfavourable to the life cycle of the electrode, but, the cycle performance up to 50
cycles of the test cells with the synthesised nanocrystalline oxides was much better
than for the cell with the ball-milled conventional cured material. After 50 cycles,
the positive plates from both testing cells prepared using synthesized lead oxide were
took out, washed and dried in a vacuum furnace. All the two plates were in a good
condition.
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8.4 SUMMARY
Nanocrystalline a-PbO and (3-PbO have been synthesised by a simple chemical
method. These materials demonstrates several advantages over the conventional ball
milled lead oxide when tested as the positive electrode material. Using the
synthesised lead oxide, the plate can be directly formatted without a curing process.
The active material utilization of the test cells with synthesized lead oxides was
higher than that of the electrode with the conventional ball-milled leady oxide. The
cycle behaviour of the plates with synthesised lead oxide is as good as the plate with
ball-milled oxide. The non-curing process could greatly simplify the plate making
procedure and significantly reduces the processing cost.
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CHAPTER 9
ENHANCED PERFORMANCE OF VRLA
BATTERIES W ITH A SPIRALLY-WOUND
ELECTRODE DESIGN

9.1 INTRODUCTION
In spite of extensive and continued efforts aimed at developing new light-weight,
low-cost secondary electrochemical power sources, the old lead-acid battery system
still is often chosen as the most suitable power source. However, the main drawbacks
of the current lead-acid battery technology are the relatively low energy density and
the short cycle life under depth discharge.

Both drawbacks have always been

incompatible. The limitations arise from the theoretical specific energy density of the
system, the properties of the electrode material currently employed and the
construction of the battery lf 2’34’5.
Spiral wound lead acid cells are easily connected in series to form batteries. These
cells produce a high current and are constructed from lead grids which are die cut
from a flat sheet of pure lead which is rolled inside the round battery case in a tight
spiral. Each spiral grid has a relatively large surface area, and there is no need to
connect several small grids in parallel as in a conventional battery 6. Therefore,
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compared with the conventional flat plate configuration, the spirally wound
construction provides the following advantages7,8 :
(1) the use of comparatively thin plates for improving the specific power ;
(2) the use of pure lead or soft lead alloys for reducing gassing, and

(3) simpler and more cost competitive manufacturing techniques.

With these advantages, the new spirally wound VRLA cells are well able to provide
many benefits not available with conventional lead acid construction.
In this chapter, fabrication of a spirally wound cell with a non-curing plate making
process has been studied. The advantages of spirally the wound cell are reported.

9.2 Spirally Wound Electrode Preparation and Cell Construction
A custom-made ABS tube with a diameter of 4.4 cm was used as the case for a
VRLA single column spirally wound prototype cell. Lead-coated glass fiber mesh
was used as the electrode substrate (grid) for both positive and negative plates
(provided by GCM COMPANY, China).

Barton oxides provided by GNB,

technologies, Australia was used for the paste.

Conductive BaPb03 powder and

highly conductive carbon fiber were added to the oxide during the paste preparation
in order to enhance the paste strength and improve formation efficiency.
Spiral wound cells with a nominal 8.0 Ah capacity were fabricated. The positive and
negative electrodes were pasted manually. One positive plate was covered by an
AGM separator, and one negative plate was placed on top of the separator layer. The
negative plate was longer than the positive plate, so the capacity of the cell is
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restricted by the capacity of the positive electrode only. The sandwiched electrodes
were then wound tightly with a home-made spiral-winding tool and inserted into a
custom-made ABS cylindrical case under compression. The cell was sealed, but
with the valve opened, and then dried at 65 °C for 48 hrs. The resistance of the cell
was continually monitored with a ohmmeter during the drying process. When the
measured ohm value become very large (i.e., Q —> °° ) the drying was essentially
completed.

After drying, the cell was filled with electrolyte of 1.28 sp.gr. and a rubber valve was
fixed. The cross section of a spiral wound cell is shown in Figure 2.3 (see chapter 2).
In order to compare the spiral wound cell with the prismatic mode, one prismatic cell
was fabricated and tested under identical conditions to the spiral one. However, the
flat plates were treated under a conventional process (cured at 65 °C with relative
humidity of 99% for 24 hours, and then dried at 70 °C for 24 hours).

9.3 Cell Formation and Test
Two hours after filling the cell with electrolyte, the cell formation was applied with a
constant current density of 25 mA g'1 for 24 hours with repetitions a one hour step
follow by 10 minute rest.

After formation, the reserve capacity with a 2 hour

discharge rate was recorded to a cut-off voltage of 1.65 V per cell, and then the
charging and discharging cycle test was carried out. During charging a constant
current was maintained until the cell voltage reached 2.45 V, and then the charging
was held at this voltage for 6 - 8 hours, or until 110% of the previous discharge
capacity was reached. The formation and the cycling tests were carried out by a self
designed, home made program controlled battery tester.
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9.4 Results and Discussion
9.4.1 Using a New One-step Drying Process to Replace the Conventional TwoStep Plate Curing/Drying Process

The new process described in section 9.1-9.3 provides many benefits, which are not
available from the conventional flat plate manufacturing process. Only two single
electrodes are needed in a spiral wound cell, and there is no need for a conventional
connector to connect each plate. Since the plate drying is performed inside the cell
case directly after pasting, there is enough moisture (from the fresh paste) inside the
case during the early stage of drying to supply the function of the conventional “plate
curing”. As the drying process proceeds, the moisture eventually evaporates, leaving
a suitably dried plate. The free lead content for the non-cured plate was 1.5%, only
slightly higher than that of the cured plate (1.0 %), which indicates that the free lead
in the plate can be well oxidized through one-step drying. The conventional two-step
curing/drying process can thus be replaced by the one step drying process for
production simplicity and cost effectiveess.

The Pb02 content of the samples after formation was analysed. Results showed that
the Pb02 contents of the two samples were all over 70%. This means that formation
process can proceed properly in the plates without the curing process as well as in the
cured plate. SEM images of the two types of plates are given in Figure 9.1. Both of
the plates contain large, rectangular 4BS crystals. The size of the 4BS crystals in the
non-cured plate is slightly smaller than in the cured one. These SEM images also
show that using the new one-step drying process can produce similar crystal
structures and sizes to what is obtained using the conventional two-step
curing/drying process.
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(1) non-cured plate

(2) cured/dried plate
F ig u r e 9.1 S E M in ta g e s o f p a s te s p r e p a r e d by th e tw o m e th o d s . (1) n o n -c u r e d p la te .
(2) c u r e d /d r ie d p la te .
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9.4.2 Reducing the Weight of Non-capacity Contributing Components and
Increasing the Specific Energy
A total weight reduction of 40% could be achieved for the new electrode by using a
light weight lead-coated glass fiber grid to replace the conventional cast grid (which
includes the top lead). A cast grid from a commercial VRLA battery (Panasonic
12V/10Ah) was used for this comparison. The new spirally wound electrode
provides high active material utilization, and a specific energy of over 40 Wh kg"1
under a 3 hr discharge rate can be reached with this new design compared with ~ 30
Wh kg"1 for the conventional model.

9.4.3 Improvement of Cycle Life
Figure 9.2 shows the cycle behaviours for the two types of cells. The conventional
cured/dried plates present a higher reserve capacity in the early cycles while the noncured plate shows a slightly lower initial reserve capacity. However, this difference
substantially disappears after 100 cycles, and the cycle stability of the spiral wound
cell proved to be superior to that of the flat plate cell as the test proceeded.
The improvement in cycle life indicates the beneficial effects of the spiral wound
electrode construction, which can be attributed partially to the uniformly high plate
compression, together with the high open valve pressure, specifically designed and
only suitable for the spirally wound cell. After over 300 cycles, each of the two types
of cells was disconnected and then disassembled for evaluation. Both positive and
negative plates were in a good condition, and no electrolyte dry-out was found for
either type of cell. Positive material softening was observed for both cells. The
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capacity decline was thus attributed to the softening of the positive plate for both
cells.
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F ig u r e 9.2 D is c h a r g e c a p a c ity vs. cycle num ber.
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9.5 SUMMARY
A spirally-wound electrode has been designed, constructed and applied to VRLA
cells. Because of its unique construction: high strength, light-weight lead-coated
glass fiber mesh as the grid, comparatively thin plates and sufficient internal
compression, this new design provides significant advantages over the conventional
prismatic type of VRLA battery. The total weight of the grids and top lead used in a
battery can be reduced by 40% compared with conventional cast grids. There was no
positive active-material softening and expansion until after over 300 deep cycles.
Substantial improvement in sustaining the cycleability has been achieved. This
technique also provides a convenient process for manufacturing a spirally-wound
VRLA battery in a simple and cost competitive way. These beneficial results have
been recognized and proved by the collaborating battery manufacturing company,
and a pilot production line for commercialization of the new processing technique
has been built.
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This thesis describes the development of a non-curing plate making process for lead
acid battery applications. The project aims to improve the overall performance of
lead acid batteries by employing new materials, cell design and manufacturing
processes.

Extensive experiments have been performed to explore new grid

materials and plate making processes for lead acid battery production. Throughout
the course of this work, we have demonstrated that the proposed non-curing plate
making technique can be used to manufacture high energy density

10.1 Lead-Coated Glass Fiber Grid
A new lead coated glass fiber composite grid was developed and applied in prototype
cells (batteries) to replace the conventional lead alloy cast grid. The composite grid
exhibits markedly superior properties compared with the conventional cast grid. The
weight of the composite grid is about 40 % lighter than that of the conventional grid,
and the flexibility of the composite grid enables great flexibilities of battery designs
that would not be possible with conventional costed grid. The lead coating layer of
the composite grid is highly resistant to corrosion due to its unique microstructure
produced by the “co-extrusion process”, which results in a very fine and compact
grain structure in the lead coating. The increase in the active electrode material
utilization can be attributed to the smaller openings in the mesh used, and a
comparatively thinner plate is produced with high mechanical strength and high
corrosion-resistance lead coated composite grid.
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10.2 Non-Cured B^Ch-Based Paste

The use of hydrogen peroxide solution to replace the conventional sulphuric acid
during paste mixing can convert the free lead in the paste to lead oxide to reduce it an
acceptable level (< 5 wt.%).

Through experiment, it was found that hydrogen

peroxide is capable of converting most of the free lead in the paste into lead oxide
during mixing.

Therefore, it is possible to reduce the free lead content to an

acceptable level without any need for a conventional curing process. Plates with
E^Ch-based paste can be formed just as completely as the conventional cured plates
under the same process. The PbC>2 content of the formed paste was approximately
70% and this indicated that an effective formation for the non-cured E^CVbased
plates had been achieved. However, the results show that the formation efficiency
and discharge capacity of the H202-based plates are slightly lower than for the
conventionally cured plates.

These problems, however, can be overcome by the

addition of red lead to the plate. The discharge capacity and cycle life of the noncured H20 2-based plates were also improved by addition of a certain amount of red
lead. The addition of red lead in the paste is favorable for the formation of non-cured
plates.

The enhanced formation effect can be attributed to the transformation of

Pb3C>4to P-Pb02 during the soaking and formation processes. Small amounts of pPb02 seed crystals will promote the efficiency of the transformation of the entire
pasted plate. At the end of formation, the first discharge capacity was increased by 9
% and 24 % when 12.5 wt.% and 25 wt. % of Pb30 4 were added and the higher the
red lead addition, the higher the formation efficiency. The Pb02 contents of the three
samples were 76.8 wt.%, 71.9 wt.% and 67.8 wt.%, corresponding to 25 wt.%, 12.5
wt.% and 0 wt.% of red lead addition.
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The cycle lives of plates were also improved with the addition of red lead. This can
be attributed to the fact that a non-cured H20 2-based plate could be formed from its
original state, mainly from PbO -» Pb+2 -» P b 0 2, without going through the
conventional process which follows the phase transformation of PbO —> 3BS —»
P b02. This new process could produce less volume change in the positive plates
during formation and be favorable for reducing the volume change during subsequent
charge/discharge cycles. Specifically, the red lead favors the proposed phase
transformation of PbO —» Pb+2 —> P b02 because the Pb02 particles in the red lead act
as crystal seeds to facilitate the phase transformation and to ensure that the phase
transformation occurs uniformly through out the entire plate.

10.3 Non-Cured Paste Prepared Using Pure Lead Oxide
Pure lead oxide has been tested as a replacement for the conventional industry lead
oxide used as a starting material for lead acid batteries.

The effects of the acid-to-

oxide ratio and the density of the paste on the electrochemical performance of test
cells prepared with the non-cured pure lead oxide plates, were investigated. It has
been found that the plates with different acid-to-oxide ratios and paste densities
could always be formed successfully without undergoing the conventional curing
processing. When the pure lead oxide is used, changes in the paste density do not
affect the phase composition and the morphology of the plate, while changes in the
acid-to-oxide ratio slightly affect the size and shape of the 3BS crystals. The active
material utilization increases along with the acid-to-oxide ratio.

The cycle life

increase along with increases in the paste density at given acid-to-oxide ratios. At
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any given paste density, the cycle life increases along with increases in the acid-tooxide ratio.
In order to improve the discharge performance of non-cured positive plates prepared
with pure lead oxide, carbon fiber was tested as an additive.

Its effect on the

discharge performance has been evaluated. The material utilization increased as the
carbon fiber content increased for all discharge rates. This can be attributed to the
enlargement in the BET surface area when carbon fiber was added.
The active material utilization of non-cued pure lead oxide plates has been improved
by using nanocrystalline lead monoxides, a-PbO and (3-PbO, obtained by the
chemical-synthetic method.

The active material utilization of the test cells with

synthesized nanocrystallite lead oxides was higher than that of those with the
conventional ball-milled lead oxide. The cycle life of the plates with synthesised is
equal to that of plates made with ball-milled oxide.

10.4 SPIRALLY-WOUND ELECTROE DESIGN
A spiral-wound cell has been designed, constructed and tested. This new design
shows several advantages over the conventional prismatic type of VRLA battery. In
the spirally wound cell, a “one-step drying” process was used to replace the
conventional “two-step” curing and drying process.

This technique provides a

convenient process for manufacturing a spirally wound VRLA battery with high
efficiency at low cost. The specific energy density was improved by reducing the
weight of non-capacity contributing components, and the cycle life was also
enhanced due to its compact construction and high plate compression.
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